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ABSTRACT 
 
Advances in nanotechnology, microfabrication and new manufacturing processes, the 
revolution of open electronics, and the emerging internet of things will influence the design, 
manufacture, and control of manufacturing machines in the future. For instance, miniaturization 
will change manufacturing processes; additive and rapid prototyping will change the production 
of machine components; and open electronics offer a platform for new control architectures for 
manufacturing systems that are open, modular, and easy to reconfigure. Combined with the latest 
trends in cyber-physical systems and the internet of things, open architecture controllers for CNC 
systems can become platforms, oriented for numerical control as a service (NCaaS) and 
manufacturing as a service, tailored to the creation of cyber-manufacturing networks of shared 
resources and web applications. 
With this potential in mind, this research presents new design-for-fabrication methodologies 
and control strategies to facilitate the creation of next generation machine tools. It provides a 
discussion and examples of the opportunities that the present moment offers. The first portion of 
this dissertation focuses on the design of complex 3D MEMS machines realized from conventional 
2.5D microfabrication processes. It presents an analysis of an example XYZ-MEMS parallel 
kinematics stage as well as of designs of the individual components of the manipulator, integrated 
into a design approach for PK-XYZ-MEMS stages. It seems likely that this design-for-fabrication 
methodology will enable higher functionality in MEMS micromachines and result in new devices 
that interact, in three full dimensions, with their surroundings. 
Novel and innovative research exemplifies the opportunities new and economical 
manufacturing technologies offer for the design and fabrication of modern machine tools. The 
second portion of this dissertation describes the demonstration of a new flexural joint designed 
with both traditional and additive manufacturing processes. It extrapolates principles based on the 
design of this joint that alleviate the effects of low accuracy and poor surface finishing, anisotropy, 
reductions in material properties of components, and small holding forces. Based on these results, 
the next section presents case examples of the construction of mesoscale devices and machine 
components using multilayered composites and hybrid flexures for precision engineering, medical 
training, and machine tools for reduced life applications and tests design-for-fabrication strategies. 
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The results suggest the strategies effectively address existing problems, providing a repertory of 
creative solutions applicable to the design of devices with hybrid flexures. The implications for 
medical industry, micro robotics, soft robotics, flexible electronics, and metrology systems are 
positive.  
Chapter number five examines to positive impact of open architectures of control for CNC 
systems, given the current availability of micro-processing power and open-source electronics. It 
presents a new modular architecture controller based on open-source electronics. This component-
based approach offers the possibility of adding micro-processing units and an axis of motion 
without modification of the control programs. This kind of software and hardware modularity is 
important for the reconfiguration of new manufacturing units. The flexibility of this architecture 
makes it a convenient testbed for the implementation of new control algorithms on different 
electromechanical systems. This research provides general purpose, open architecture for the 
design of a CNC system based on open electronics and detailed information to experiment with 
these platforms.  
This dissertation’s final chapter describes how applying the latest trends to the classical 
concepts of modular and open architecture controllers for CNC systems results in a control 
platform, oriented for numerical control as a service (NCaaS) and manufacturing as a service 
(MaaS), tailored to the creation of cyber-manufacturing networks of shared resources and web 
applications. Based on this technology, this chapter introduces new manufacturing network for 
numerical control (NC) infrastructure, provisioned and managed over the internet. The proposed 
network architecture has a hardware, a virtualization, an operating system, and a network layer. 
With a new operating system necessary to service and virtualize manufacturing resources, and a 
micro service architecture of manufacturing nodes and assets, this network is a new paradigm in 
cloud manufacturing. 
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CHAPTER 1: INTRODUCTION  
 
The design problem in machine tool constitutes and iterative process in which the designer 
identifies a need, proposes a concept design, and uses analytic tools to stablish metrics that asses 
the performances of those concepts [1]. Machine tool in the context of this document refers to any 
machine operating by other than hand power, which employs a tool to work or to interact with its 
surroundings1. Traditionally, the field of machine-tool design has required engineers to have good 
knowledge in the areas of applied mathematics, engineering mechanics, materials strength, 
machine theory and engineering drawing. However, the latest trends on design, digitalization, 
manufacturing technologies and numerical control (NC) motivate my research to create design-
for-manufacturing methodologies and control strategies for the next-generation of machine tools.  
Some of the contemporary challenges in machine design include:  
• the development of sophisticated machine elements such as compliant joints [2], [3] 
and motion schemes for nanopositioning [4], [5], metrology and scanning probe 
applications [6], [7], 
• The miniaturization of robotic systems for micro assembly [8], [9], medical surgery 
[10], [11] and drug delivery [12],  
• Advances in soft robotics technologies [13] from soft sensorial skins [14], [15]  to 
elastomeric energy harvesters and their integration with traditional robotic schemes for 
surgery [16] , health care devices and human interaction [17].  
• The design of new manufacturing and control strategies for microelectromechanical 
systems [18], [19], (MEMS) that interact, in full three dimensions [20], [21], with their 
                                                 
 
 
 
1  Definition as per the U.S. National Bureau of Economic Research (NBER) 
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surroundings and expand their reach in applications such as accelerometers, pressure 
sensors [22], [23], displays, optical connectors [24] and medical health devices. 
• And the development of intelligent servo-controlled machine tools tools [25]  capable 
of performing applications requiring better control of the position of the tool and work 
under open control interfaces that are easily adaptable to the integration of new 
technologies (e.g. web technologies), allow for the creation of reconfigurable 
manufacturing units and the reusability of  components. 
The design and manufacturing processes of machine-tool systems often follows an inflexible, 
sequential process [26] referred to as “design and manufacturing” rather than “design for 
manufacturing”. Here, the design of a machine is used as input to the manufacturing process to be 
shaped into a final product.  This sequential process results on poorly initial designs, low quality 
of data exchanged between the design and manufacturing domains, and numerous iteration steps 
before fabrication. A design-for-manufacturing approach, on the other hand, uses information of 
the basic manufacturing aspects to create design-strategies that result in better machine elements, 
short setup and process times and short development lead times. These design strategies might 
focus on exploiting the simplicity of 2-D manufacturing techniques to realize complex 3-D layer-
based devices [27], developing a set of geometries optimized for a particular manufacturing 
process [28] or the implementation of smart and appropriate design rules [29], [30] to exploit the 
strength of different manufacturing processes and optimized their interactions. 
Combining new design-for-fabrication strategies with the latest manufacturing technologies 
and intelligent-control architectures will delineate the future generation of smart machine tools. 
Good machine-design practices derive from understanding the interactions between these 
domains, the new necessities and latest technological trends, and the advances in actuation and 
sensing technologies. Because of this, my research focuses on the design and physical realization 
of machine tools, machine-tool components, and machine control architectures, by leveraging the 
relations between design, manufacturing and controls. This thesis work presents new design-for-
fabrication methodologies and control strategies to facilitate the creation of next-generation 
machine tools with discussions and detailed examples on the opportunities created in the contexts 
of micro-scale manufacturing, new manufacturing technologies, the pervasive availability of 
microprocessor technologies and the emerging internet of things 
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1.1 Opportunities, Motivation and Objectives. 
1.1.1 Opportunities at the microscale. 
With a continuous drive for miniaturization of devices with heterogeneous integration of 
functionality [17] comes the necessity of new design-for-fabrication strategies at the micro-scale. 
Research in leading edge technologies in the areas of Micro Contact [8], [9] and Micro Laser 
Transfer Printing [31] (MCTP, MLTP), Flexible Electronics [16] and materials for distributed 
actuation2 [13] will pave the way to the creation of new devices (micro-machine tools) that mimic 
the superior heterogeneous functionally and flexibility of many biological systems. Some of the 
contemporary challenges in machine-tool design, at the microscale, include the miniaturization of 
robotic systems for micro assembly [8], medical surgery and drug delivery [12], and the design of 
new microelectromechanical systems (MEMS) capable of full three-dimensional interactions with 
their environment [32]. The latter is of particular interest to my research as, I believe, it will expand 
the reach of MEMS in applications such as accelerometers [33], pressure sensors [34], 
nanoindenters [35], optical connectors [36], and medical surgery devices [37]. 
Most MEMS for micro and nanopositioning system are made of flexures with examples in the 
areas of scanning probe microscopy, nanoindenters and many other metrology tools. Not having 
friction allows achieving nanometer scaled motion and, therefore, MEMS devices use flexures to 
avoid any sliding surfaces. Flexure-based mechanisms are manufactured at the micro-scale from 
conventional microfabrication process and silicon-based technologies. These techniques have the 
advantages of producing robust, monolithic machine elements and structures with long life spans, 
high bandwidth, accuracy and performance. The disadvantages of using these strategies include 
high costs accruing from sophisticated tooling and highly skilled labor, as well as long processes 
and set up times. Long times translate into slow design iterations and development lead times, and 
the 2.5 nature of these manufacturing techniques poses a limitation to the geometric complexity of 
                                                 
 
 
 
2 (shape-memory materials, ionic liquids and polymers, polyelectrolyte gels, piezoelectric crystals (PZT), electro-
active polymers, and carbon nanotubes) 
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the designs. These restrictions render these approaches impractical for mass production, relegating 
them for custom and high-added value applications.   
There is a need for expanding the design-for-manufacturing strategies and analytic framework 
to enable higher degree of functionality in MEMS micro-machine tools. As part of this work, my 
research will present the design for fabrication of a MEMS-scale parallel-kinematics mechanism, 
designed to achieve pure spatial (X, Y and Z) translations. Fabricated on a double device layer 
(‘Oreo’), silicon-on-insulator (SOI) substrate, this micro-scale machine demonstrates the layer-
based fabrication of Silicon out-of-plane joints, offset from each other, in different layers of the 
substrate. Besides its contribution to the theory, analysis, design and integration of a novel out-of-
plane MEMS positioner with previously unrealized capabilities, this research will also 
demonstrates that, just like conventional scale positioning systems, multi-purpose, self-contained 
MEMS-scale positioning stages can be realized with traditional fabrication processes.  
Additionally, this research will develop the theory (kinematic, dynamics, workspace and 
kineto-static analysis) required to control the mechanism and propose a methodology to find the 
optimal dimensions of flexure-based mechanisms for a particular selection of actuation. The 
methodology integrates the mechanism kinematic and dynamic analysis into a design approach for 
PK-XYZ-MEMS stages, demonstrating how the stiffness relations, constraints posed by the 
flexible elements and the actuators can be used determine key parameters and dimensions of a 
stage to meet different force amplification and spatial displacement requirements. 
1.1.2 Opportunities created by new manufacturing technologies 
Additive manufacturing and, in general, rapid prototyping technologies have the potential of 
changing the way we manufacture things. Adding to traditional manufacturing techniques such as 
metal casting and machining, rapid prototyping technologies give product designers greater 
flexibility and creates opportunities for new design-for-manufacturing strategies, with the 
possibilities of: 
i. creating affordable machine-tool components by appropriately combining processes such 
as laser cutting, fuse deposition modeling (FDM) 3D printing and 3-axis CNC machining 
and, 
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ii. creating high-quality machine components for by integrating these open technologies with 
sophisticated industrial manufacturing techniques such as multi-axis CNC milling, wire 
electro discharge machining (EDM), precision casting/molding, lithography-based 
microfabrication processes, SLA, and SLS additive manufacturing, 
Albeit at reduced accuracies and strengths. Because of this, new research must devote to the 
development of design rules to alleviate the effects of low accuracy, poor surface finishing, 
reductions in material properties, and thermal instability of components. Overcoming these 
challenges is important, as there is a strong motivation for low-cost, scalable manufacturing 
techniques that:  
i. facilitate the development sophisticated machine elements such as compliant joints and 
motion schemes for nanopositioning metrology and scanning probe applications [38] 
ii. address the design and construction of mesoscale machines for single-use/reduced-life 
applications, often encountered in medical industry (because of bio contamination), soft 
robotics, and flexible electronics [30], 
iii. integrate components form both hard and soft robotic technologies that will render 
machines capable of operating and interacting with humans in ware housing, medical, and 
food industry environments [17]. 
 
 
 
Figure 1. An example of a machine component manufactured with additive and subtractive processes. 
In this linear bearing for precision lightweight applications, the bulk material is 3D printed using metal laser 
sintering technologies with internal lattice structures to reduce mass while maintaining structural stiffness. Critical 
faces are precision machined (e.g. lathed or milled) for datum references and tight tolerances. 
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iv. enable the fabrication of lightweight components (Figure 1) with the combination of 
additive and subtractive processes and (c) offer general support of machine design iteration 
through rapid, functional prototyping [39]  
It can be anticipated that the integration of conventional and new manufacturing technologies with 
motivate research towards the developing of machine tools for integrated manufacturing processes 
at the mesoscale and microscale. Potential examples include the integration of machining removal 
processes with additive manufacturing or the integration of micro assembly techniques (e.g. 
MLTP, MCTP) with additive and removal processes. 
This part of my work will use additive and rapid manufacturing technologies to challenge the 
idea that machines for precision engineering need to be made monolithically or entirely form high 
performance metals like stainless steel, alloyed steels or aluminum alloys. These research will 
demonstrate techniques whereby different materials are joint to create a much easier to 
manufacture “hybrid flexure” or are laminated to produce layer-based flexure mechanisms. These 
elements are designed to have constant stiffness, minimum parasitic motion and behave elastically 
throughout their range of motion. For this purpose, this research study new design considerations 
to alleviate the effects of the introduced interactions. Each of the traditional processes involved in 
creation of these machines and components works well and the objective of this works is to make 
them work together with the help of rapid manufacturing technologies.  
1.1.3 Opportunities created by pervasive micro processing technologies  
Over the las decade, the availability and affordability of electronic components and micro 
processing units, has paved the way to the open-source revolution of numerical control (NC) 
manufacturing processes with the advantage of rapid and affordable customization of new machine 
tools. The open-electronics ecosystem provides affordable micro-processing and sensing 
technologies that have the potential to lead the way for intelligent servo-controlled machining 
tools. Guided by the declining cost of microprocessor-based developing platforms (Arduino, Ti 
LaunchPad, Teensy, Beaglebone etc.), some of the NC applications (CNC routers, laser cutters 
and 3D printers) have rapidly migrated from a proprietary hardware to open source hardware 
systems. However, most of these controllers (such as GRLB, RepRap, Smoothie) resemble a 
monolithic architecture of control (the interpretation and the interpolation algorithms execute in 
the same processing unit) that focuses on generating the sequence of output pulses to acute stepper 
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motors in open-loop configurations as oppose to be fed as the reference to a closed-loop system. 
This limits the computing resources, flexibility, modularity and overall performance.  
The pervasive micro processing and sensing technologies create the opportunities of: 
• Intelligent and affordable machine tools that work under open architecture controllers 
(OAC) (adaptable to new technologies) and allow the easy automation of new 
manufacturing processes and custom-based CNC solution [40] 
• leveraging the power of multiple-processing units to perform tasks requiring increased 
computational resources, better control of the position of the tool through closed-loop 
configurations, smoother motions and higher feeds. [41] 
• Monitoring and processing information under control architectures and sensorial 
networks capable of maintaining an open flow of machine states and process variables 
such as position, velocity, force, acceleration.  
Although some advancements have been made in the development of OCA [42], the idea was 
ahead of its time because of the lack of flexibility of vendors, liability and standardization issues. 
OCAs regain relevance with the new revolution in open electronics, opening the possibility of 
easily automating new manufacturing process and custom based CNC solutions. 
This goal of this research is to develop an open multiprocessor architecture for multi-axis servo 
control of CNC systems based on open-source electronics. The distributed architecture of the 
controller consists of four major software components arranged in different hardware 
configurations for electronics with different micro processing-power; namely, the executive 
program (or task manager), the interpolator, the programmable logic controller (PLC) and the 
servo-control. The algorithms are coded in a general manner that the architecture is modular in 
both software and hardware. For instance, different numbers of servo-controllers can be added to 
yield controllers for different CNC processes without modifying the architecture algorithms 
(software modularity), but also, the same algorithms could be implemented in different platforms 
with minor modifications (hardware modularity). This platform can be implemented in most 
computers and has many advantages including increased computational resources, flexibility of 
reconfiguration of new manufacturing units, modularity in software and hardware, and an open 
flow of position updates and machine states through all its components. These characteristics are 
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fundamental requirements for modern CNC systems to operate in advance manufacturing 
environments and the first step, in my research, to create web-based modular architecture 
controller with the potential to be a node in manufacturing networks of shared resources and web 
applications for computer aided design and manufacturing. 
1.1.4 Opportunities created from the emerging internet of things   
Computer numerical control (CNC) is the backbone of modern automation technology. 
Computer-based interfaces and increasingly sophisticated process-planning algorithms have made 
new generations of CNC machine tools more productive and easy to use. However, these systems 
have challenges leveraging the advantages accruing from emerging cloud and web-based 
technologies.  
With the computing paradigm having rapidly reoriented from centralized (mainframes) to local 
(desktop/personal) and back to centralized (highly scalable and elastic cloud-based computing), 
and the more recent surge in the adoption of cloud computing by industry for enterprise systems, 
operations management and control, it becomes necessary to explore newer architectures for 
CNC3. These efforts must be (i) better aligned and more compatible with this new architecture for 
enterprise systems (ii) capable of exploiting this new and more powerful computing infrastructure 
to create new, previously difficult-to-realize capabilities that enable new and more efficient 
organization of manufacturing enterprises and services.  
The internetworking of machine tools creates an opportunity for the direct integration with 
cloud-based application to server and client sides, and with remote computing platforms. The 
augmentation of these machines to true cyber-physical systems with pervasive sensing technology 
will results powerful manufacturing nodes able to interoperate with the current internet 
infrastructure. This advancement creates opportunities for: 
                                                 
 
 
 
3 It is important to note that, like computing, numerical control has gone from centralized (mainframe-based) Direct 
Numerical Control (DNC) to local (desktop microprocessor-based) Computer Numerical Control (CNC), but with 
some lag. 
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• Creating networks of manufacturing resources and cloud-based CNC-service applications for 
customers. These network nodes will provide software resources necessary to allow providers 
to lend their machine tools as a service and customers to, fully, specify simulate and verify a 
desired CNC job through web-based application services. These services should have a tight 
binding with the manufacturing resource and might include sophisticated machine simulators 
(that incorporate accurate models of the geometry, kinematics, dynamics, and controls of the 
machines) for trajectory simulation, machining simulation, and collisions detection among 
others. 
• Logging, storing, and monitoring of manufacturing data. These data will be mined to support 
both real-time and longitudinal decision making, seamlessly bridging the gap between real-
time control of processes (executed on the machine), computational multi-physics models 
(executing in super computers) and artificial-intelligence and machine-learning systems used 
in planning processes and operations. 
• Outsourcing the non-real-time control task of CNC machines tools to the cloud. This will 
allows computer-numerical-control to be distributed as a shared service from distant servers, 
and automated machinery to be the essential hardware-clients, executing the motion. resulting 
in a reduced-complexity technology with lower fixed-investment on the machine and 
maintenance costs. 
The development of a new open control architecture (OCA) for CNC systems oriented for 
numerical control as a service (NCaaS) and manufacturing as a service is proposed as part this 
thesis work. In this Open OAC implementation, the control unit (CU) consists of an NCaaS unit, 
a numerical control server (NC Server), and the Control Loop Unit (CLU). The NCaaS controls 
the high-level, overall plant-process while the NC server is a gateway for native and web 
applications to the controller. The control unit is hosted in a computer, next to the CLU modules, 
and made available to native applications by the NCaaS unit or the remote web application over 
internet by the NC server. These applications can be human machine interfaces, monitoring and 
control agents [43] or software as a service providers (SaaS) that use machine data to provide 
services such as online monitoring, machining simulation, machine-tool diagnostics and machine-
data analysis.  
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Additionally, this research will develop the general structure of a micro-service, intimately 
connected with this controller and demonstrate particular applications to the area of machine 
monitoring and digital twining4. The controller for NCaaS and the micro-service are the 
fundamental nodes of a manufacturing network of shared resources and web applications for 
computer aided design and manufacturing. 
                                                 
 
 
 
4 Digital twinning, the mapping of a physical asset to a digital platform. It uses data from sensors on the physical 
asset to analyze its efficiency, condition and real-time status.  
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 
2.1 Introduction 
The introduction chapter motivated the research in this dissertation by presenting some of the 
challenges and opportunities for creating manufacturing machine at four different areas, namely 
the microscale, new manufacturing technologies, the availability of micro processing technologies, 
and the emerging internet of thigs (IoT). This first portion of this chapter presents a review on the 
history of machine tools and a background on the key technologies that enable some the advances 
in this dissertation namely, flexure-based mechanisms, micro electro mechanical systems 
(MEMS), computer numerical control technology (CNC) and digital manufacturing.  Part two 
presents relevant literature with research in the areas of MEMS-scale machines, emerging open 
source manufacturing platforms for the design and construction of mesoscale systems, open 
electronics and their potential for open architecture controllers in CNC systems, and cloud 
manufacturing networks for instances of numerical control infrastructure provision and managed 
over the internet. 
2.2 Background 
This dissertation presents advances in the topics of: 1) design and manufacturing, and 2) 
controls and internetworking and of machine tools. Because of this, this background has a brief 
review on the history of machine tools, intended to contextualize the reader with the current state 
of this technology. The rest of the background section reviews potential technologies such as 
flexure-based mechanisms and computer numerical control technology that can be transformative 
in the way we design and build machine tool, as demonstrated in chapters 3 and 4.  
Additionally, this review presents some of the conventional algorithms for path interpolation 
and kinematic modeling machines tools. These algorithms are at the core of a new open 
architecture for the control of CNC systems developed in chapter 5. Finally, a discussion about 
digital manufacturing and the industry 4.0 revolution is presented as background for a new 
manufacturing network for numerical control (NC) infrastructure, provisioned and managed over 
the internet, introduces in Chapter 6.   
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2.2.1 The history of machine tools 
Historical overview based off the articles by T.C Rolt [44], Willard J. McCarthy and Joseph A. 
McGeough [45].  
Before the industrial revolutions of the 18th century, material goods like cooking utensils, 
wagons, ships and furniture were cut and shaped from hand tools. The first machine tools appeared, 
to perform basic lathing and drilling operations, as an extension of the human hand for making 
tools.  Although the standard symbols of industrial revolution are the steam engine and the textile 
machine, metalworking machines tools were required to build these machines.  Modern metal 
cutting machines appeared in 1775 with the boring mill by Englishman John Wilkinson. This 
invention made it possible boring the steam cylinder and was fundamental to the Watt steam engine 
and the industrialization of the United Kingdom.   
With the steam engine, material goods were produced by power driven machines. These 
machines had to be manufactured by machine tools capable of producing dimensionally accurate 
parts in large quantities.  Some of them were adaptations of earlier woodworking machines. For 
instance, the metal lathe derived from the wood cutting lathe used in France in the early 16th 
century. After the boring mill, in 1777, came the first screw cutting engine lathe by Henry 
Maudslay, another English inventor. The innovation consisted on implementing a leadscrew to 
drive the carriage. Geared to the spindle of the lathe, the leadscrew advanced the tools at a constant 
rate and procured accurate screw threads. By 1800 Maudslay had equipped his lathe with 28 
change gears that cut the treads of different pitch screws by controlling the lead-screw speed to 
spindle-speed ratio. Years later, James Nasmyth (a student of Henry Maudslay in London) 
invented the shaper. In the shaper, a work-piece could be clamped horizontally to a table and 
worked by a cutter using a reciprocating motion to face small surfaces, cut keyways, or machine 
other straight-line surfaces. Nasmyth also invented steam hammer for forging heavy metal pieces 
in 1839.  Within 50 years after the steam engine, the first predecessors of modern machine tools 
had all the fundamental features required for machining metal, but they lacked the precision of 
their contemporary counter parts. Jigs and fixtures made mass production and part 
interchangeability possible. 
The early British engineers rapidly became master of precision machinery.  Britain tried to 
keep its lead in machine tool development by limiting exports. However, this attempt was 
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foredoomed by industrial development in continental Europe and the United States. Sophisticated 
mass production from America favored the creation of new tools. A prominent invention was the 
milling machine by Eli Whitney. Invented in 1810, this machine was used in the manufacture of 
firearms. The first universal milling machine was built in the United States in 1862 by J.R Brown 
and was used to cut helical flutes in twist drills.   The turret lathe, another American invention of 
the 19th, was fully capable of automated operations including making screws. The production of 
artificial abrasives in the late 19th century opened the field for grinding machines.  By the end of 
this century, a revolution had taken place in the working and shaping of metal that created the basis 
of modern industrialized society. The 20th century brought numerous refinements of machine 
tools, such as multiple point cutters for milling machines, automated operations by the 
introductions of hydraulics and electronic systems and non-conventional metal manufacturing 
techniques such as electromechanical and ultrasonic machining.   
2.2.2 Flexure-based parallel kinematic stages 
Flexures are of great importance in the fields of nanotechnology, precision engineering, several 
probe/tool based metrology and, in general, machine-tool design.  A flexure is a compliant element 
that provides relative motion between adjacent rigid members through controlled flexing. 
Conventionally, flexure-type systems are manufactured from high performance metals such as 
stainless and alloyed steel or aluminum alloys for high material performance and durability [46] 
[47] [48] [49] [50]. Functional requirements such as high bandwidth, accuracy performance and 
geometric complexity require them to be manufactured as monolithic structures using conventional 
precision machining and wire EDM.  However, such an approach is expensive and not practical 
for mass production. They can only be used for custom and high-value added applications. Further, 
accurate and repeatable motions translate to the design and manufacturing problems of having 
elastic behavior, minimum parasitic motions and constant stiffness throughout their operation.  
Flexures are often arranged in parallel kinematic configurations to constrain their degree of 
mobility, amplify or attenuate their motion. Parallel-kinematics mechanisms, that have been 
increasingly studied for use in macro and meso-scale positioning systems [47] [46] [51] can be 
designed so as to be better suited for silicon-based, MEMS-scale micro- and nanopositioners. A 
parallel-kinematics mechanism (PKM) consists of a fixed base and movable end-effector 
connected in parallel by multiple independent kinematic chains. Normally, the degrees-of-freedom 
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(DOF) at the end-effector is determined by the number of independent kinematic chains. Each 
kinematic chain actuates the end-effector in one direction and accommodates or admits dis-
placements along the other DOF of the end-effector. Together, all the chains restrict the undesired 
motions (for example, rotations for a translational stage). In this way, a mechanism is realized in 
which the actuators span the desired DOF and the unwanted DOF are restricted by the interaction 
of the kinematic chains. Parallel-kinematics mechanisms generally produce high structural 
stiffness because of their truss-like structures, resulting in fast response times. Furthermore, if 
appropriately designed, PKMs can result in configurations where near complete decoupling of the 
actuation is achieved. PKMs are criticized for small workspaces because the motion range of a 
PKM is restricted to the intersection of the motion range of all its kinematic chains. This is a valid 
criticism for macroscale systems, where the kinematic joints and actuators have large permissible 
motion ranges. However, for stages built by MEMS processes, the motion range of the stage is 
 
 
Figure 2. XYZ parallel kinematics stage. 
(a) Assembly machine with sensors and actuators. (b) Four wire EDM setups are required to manufacture the 
structure. (d) Setup 1 for the XY plane features: the moving table, the base four-bar mechanisms and the projection 
of the out-of-plane four bar mechanism. (c) Setups 2, 3, 4 with, 120-degree symmetry, for the out-of-plane hinges. 
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more likely to be governed by the limits of the actuators and flexure joints than the mechanism 
itself. Jensen et al. [32]  introduces a XYZ parallel-kinematics micromanipulator composed of a 
circular positioning platform with three legs equally space around it. Each of the leg is composed 
of a slider mechanism and a parallel-kinematics mechanism. This design was shown to produce 
out-of-plane dis-placements greater than 250 µm when displacements of 45 µm were input by 
microprobes at each of the sliders. The mechanisms were fabricated using the MUMPs and 
SUMMIT process, required several (at least 7 structural and sacrificial) layers and lacked actuation 
and sensing. The devices had to be externally actuated with microprobes to verify and study their 
motions. 
Our laboratory has previously developed monolithic designs of piezo driven, parallel kinematic, 
nanopositioning XY [4] and XYZ stages [51] at the meso-scale. The two stages where produced 
on a wire Electro Discharge Machining mach ine (EMD) from stainless steel and with similar 
flexure hinges. The rather simple two-dimensional design of the XY stage resulted in an ideal, 
single wire EDM setup. The 3D mechanism of the XYZ stage, however, had to be adapted for the 
physical realization of a flexure-based system to have hinges in different planes and to be 
fabricated monolithically from a flange shaped bank. As a result, this machine required four wire 
EDM setups. Figure 2 shows the complexities of this design and its manufacturing process. In the 
figure (Fig.2(b)), the first wire EDM setup (Fig.2(d)) is used to machine the XY plane features, 
including: the moving table, the base four-bar mechanisms and the in-plain component of the 
intermediate four-bar mechanisms. Three additional 120-degree, symmetrical setups (setups 2, 3 
and 4) produced the out-of-plane hinges (Fig.2(c)).  
Koo and Ferreira reported an active MEMS probe [19] and an XY MEMS translation stage 
[18], shown in figure 3. These stages are flexure-based mechanisms miniaturized to the microscale 
with the use of conventional microfabrication processes and Silicon-based technology.  Via top-
down and bottom-up Silicon removal operations, and enabled by lithographic processes and Deep 
Reacting Ion Etching (DRIE), this free standing structures are fabricated with electrostatic 
actuators that are capable of controlled displacements of the order of 5 nanometers and forces of 
the order of 20nN. Some of the principle component, common to these systems, include the 
electrostatic sensor and actuators for close loop control of force and displacement, the 
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parallelogram 4-bar mechanisms to ensure spatial translations and the folded leaf springs to 
achieve freestanding structures.  
The XYZ parallel kinematics nanopositioning system (PKXYZNP) exemplifies a design for 
manufacturability strategy where the 3D aspects of the mechanism were mapped to different-
height planes thus facilitating using a 2D manufacturing technique like wire EDM. While 
realizable, the complex features, multiple setups, long process times and post-manufacture 
assembly of components made this a very expensive approach. The MEMS stages for single and 
two degrees-of-freedom (DOF) of translation are also examples of design for manufacturability in 
which the components of the system are mapped to the device and handle layers of a Silicon on 
Insulator (SOI) wafer. This results in a monolithic fabrication approach with high yield and 
scalability.  
More research needs to be conducted to enable the design of complex-geometry mechanisms, 
of meso and micro-scale parallel kinematic states, while reducing the manufacturing complexities 
(both the fabrication of the structures and the assembly of the components). Furthermore, it is 
desirable to have analytic tools that allow a better understanding of the mechanical interactions 
between the actuators and the structures. This would yield optimal dimensions in the mechanism 
and strengthen the design methodology. Research in this area faces the challenge of developing 
fabrication approaches for out-of-plain joints and new design strategies that enable this technology 
to support spatial mechanisms that can interact with their environment in the full three dimensions. 
 
 
Figure 3.  Examples of (a) one and (b) two degrees of freedom MEMS parallel kinematic probes. 
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It is clear that there is a need for expanding the design-for-manufacturing strategies and the 
analytic framework to reduce the manufacturing complexities of mesoscale, flexure-based systems 
and to enable a higher degree of functionality in MEMS probes and stages.  
2.2.3 The pin-joint model for stiffness analysis of flexural pivots 
In the pin-joint model by Jensen and Howell [52], one can conceptually think of the joint as having 
a rigid pin located at the center of the flexural pivot. Then, we have the joint stiffness given by: 
 
2
K EI
K
l
   (2.1) 
Where K is the rotational stiffness of the pivot, E is the Young’s modulus of the material, I is the 
moment of inertia of the flexible section and l is the length of the flexible segments. 𝐾𝜃 is regarded 
as the stiffness coefficient and it is a function of the dimensionless parameter n defined as the ratio 
of the effective pivot length r to the length of the flexible element l (n equals 1 for flexural pivots’ 
with orthogonal leafs and approaches to infinity for single-leaf small flexural pivots). To use the 
pin-joint model, the value of the stiffness coefficient 𝐾𝜃 needs to be determined first. 𝐾𝜃 is 
determined by minimizing the deflection error of the cross-axis flexural pivot through a motion of 
1.1 radians for different values of the dimensionless parameter, n. Afterwards, a polynomial curve 
fit is used, yielding the function. The authors report the following polynomial equation for the 
value of 𝐾𝜃; 
 2 3 45.300185 1.6866 0.885356 0.2094 0.018385K n n n n        (2.2) 
With 0.5 ≤ 𝑛 ≤ 4.0. 
 
Figure 4. Diagram of a cross-axis flexural pivot showing dimensional variables.  
Figure taken from reference [52] 
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2.2.4 Numerical Control Technology 
While automation driven by mechanical cams, and copy tracing existed, John Parson is 
credited with the birth of NC who, in 1946, conceived of the idea of inserting numerical data (point 
coordinates) into a machine to solve the problem of repeatably machining the complex shapes 
demanded by the emerging aerospace industry. Eventually, with the help of the Servomechanisms 
Laboratory at MIT, a working model of a punch-card driven NC machine was developed in 1950. 
Subsequent developments rapidly migrated the need to specify trajectories in terms of target and 
via point (which was very time-consuming and led to the construction of extremely lengthy inputs 
to the machine, that were difficult to prepare and virtually impossible to verify) to specifications 
in terms of geometrical curves with high-level languages. This necessitated significant amounts of 
data processing and computing (language interpretation and geometry computation) in addition to 
the servo-control.  With required amounts of compute power only available on mainframe 
 
 
Figure 5. A Typical CNC machine with a schematic layout of its computing and control structure  
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computers, a configuration of numerical control called Direct Numerical Control emerged. In this 
configuration, a central computer did much of the data processing, computing and storage and 
periodically handed down low-level instructions to the NC machine. Because of the rapid growth 
of compute power on mainframes, and with the emergence of time slicing, a single mainframe 
computer could be used to provide instructions for several NC machines.  Mini-computers in the 
70’s and the explosion personal computers in the 80’s and 90’s made it economically possible to 
attach a computer to each NC, creating the standalone configurations that has come to be called 
the Computer Numerical Control or CNC.  
 Figure 5 schematically depicts the electromechanical components and the computing and 
control functions of a typical CNC machine. While this CNC architecture has successfully 
emerged as the fundamental building block of today’s programmable automation technology, it is 
also limiting in several ways: 
1 The technology is expensive and inefficient. For example, computing resources in the CNC 
controller are severely underutilized, yet duplicated on every machine in an inaccessible 
manner. 
2 The CNC controller is the primary reason for obsolesce of machine because 
computing/microprocessor hardware and software technologies are evolving so rapidly. 
3 Notwithstanding the development of open-architecture controllers, commercial CNC 
controllers are typically ‘closed’, and difficult to modify or customize.  A lack of interfaces 
and standardization, especially in the types of features and capabilities required to leverage 
advances in machine intelligence, cloud-based data analytics leaves customers hostage to sub-
optimal vendor ecosystems and solutions. 
4 Integrated, co-located data processing and controls of the CNC architecture creates potential 
security risks in making machines accessible over networks. This stifles integration and leads 
to ‘isolated’ islands of automations that are unable to take advantage of the massive amounts 
of computing resources that are available in the cloud for advanced applications such as 
(monitoring, data-mining and machine intelligence; model-predictive control; etc.)  
5 The current CNC architecture creates a need for multiple off-line tools. The deployment of a 
job to a CNC machine requires along serial chains of tasks (such as process planning, 
machining simulation, NC program verification), typically not inter-operable with each other, 
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and highly dependent on ‘local’ data and information (machine configuration, post-
processors, etc.). This makes it difficult, if not impossible, to operate CNC machines in 
advanced emerging environments such as distributed automation/cyberphysical networks or 
internet-of-things environments. 
2.2.5 Open Architecture controllers 
Motivated by increasing needs for computer-based automation, and faced with mounting 
challenges to interoperability (so essential to enterprise-level integration efforts) due to product 
incompatibilities, a number of efforts on vendor neutral ‘open-architecture’ CNC controllers were 
initiated in different regions of the industrialized world [53]: OMAC (Open Modular Architecture 
Controllers) in the United States, OSACA (Open Systems Architecture for Controls within 
Automation) in Europe and OSEC (Open System Environment for Controls) in Japan. These 
efforts promised an architecture that permitted the integration of independent application program 
modules, control algorithms, sensors and computer software/hardware developed by different 
manufacturers. OACs essentially address communication protocols and system capabilities that 
enable reliability, stability, modularity, extendability and portability in both software and hardware 
[25]. OSASCA achieves its goals through the specification of an Applications Program Interface 
[54] and OSEC achieve their goals through modularity in the control tasks such as motion 
interpolation [55] [56], and the servo control algorithms [57]) and while maintaining accessible 
machine states (e.g. position, velocity, acceleration, temperature, forces). An OAC was developed 
by the US National Institute of Standards and Technology (NIST), initially named the enhanced 
machine controller (EMC), and later, changed to LinuxCNC [58]. The control architecture of 
LinuxCNC consists of a motion controller (EMC-MOT), a discrete I/O controller (EMCIO), a task 
coordinating module (EMCTASK) and a GUI for user interaction. LinuxCNC is implemented on 
a real-time extension to the Linux kernel and it uses different off-the-shelf ISA/PCI bus-based 
control cards to interface with the machine-tool hardware. Systems based on specific control cards 
are limiting and restrict hardware modularity of the controller. Further, they can be difficult to 
update because of compatibility issues with new and rapidly-evolving PC mother-board 
technologies and operating systems. Although these efforts have resulted in advances in modular 
architecture controllers (MAC) [59] [60] vertical integration of CAD/CAM offerings by 
commercial vendors, liability and standardization issues have remained strong impediments to the 
growth of this movement. Notwithstanding the usefulness of these efforts in making CNC 
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technology more ‘open’ and ‘user-modifiable’, they have made limited inroads in terms of 
adoption. Though ‘open’, they do not offer much of a departure (in terms of conceptual design, 
architectures, and capabilities) from the existing commercial implementations. 
2.2.6 Reference pulse interpolation of trajectories in CNC. 
In reference pulse interpolation, the interpolator generates a sequence of output pulses. The 
total number of pulses represents the position of the axes, and the frequency of the pulses 
represents their velocity [1]. This information is transmitted to the servo control of each axis with 
a direction pin to specify clockwise and counter-clockwise motion and a pulsed signal. Each pulse 
is equivalent to one basic length-unit (BLU) of the machine. Algorithm 1 shows the digital 
differential analyzer (DDA) technique for reference pulse interpolation of XY circular and linear 
trajectories. This algorithm uses a pair of registers per axis (p and q) and an external clock to solve 
the differential equation of motion in real-time and create the interpolating points through 
successive additions, subtractions and comparisons of integers. It works inherently for single-
quadrant arc segments specified in incremental motion. This is because the values of the velocity 
registers are proportional to the incremental distance from the tool to the center of rotation, and 
their rate of change is dependent on the quadrant of motion. 
The simplicity of this interpolation algorithm makes it ideal for implementation in C and 
assembly programming languages. A flowchart of the software DDA method with a detailed 
discussion on the calculation of the size of the registers, their initialization, and the number of 
iteration required to complete a quarter of a circle is presented in reference [55]. 
Because in the software DDA interpolation algorithm, the number of iterations is equal to the 
length of the arc in BLU’s, the frequency of pulses along the path is expected to be constant and 
equal to the specified federate. A timer interrupt in the microprocessor controls the execution of 
the interpolation ISR. Each iteration of the ISR can yield an output pulse (a BLU) or keep track of 
a fraction of a pulse depending on the frequency of interpolation. At maximum velocity, every 
iteration of the ISR yields and output pulse and therefore the allowable frequency of interpolation 
depends on the execution time of the ISR. A common value for the execution time is approximately 
100 μs corresponding to a maximum interpolating frequency of 10 KHz. This frequency in a 
machine with BLU of 10 μm corresponds to a maximum feed rate of 6000 mm/min 
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Algorithm 1.Software DDA XY interpolator for combined linear and circular motion  
Interrupt driven program. CPU is informed to wake up and execute this program at every cycle of the 
clock 
Require:   𝑃𝑥  𝑃𝑦 𝑃𝑧 𝑃𝑓  The velocity register for the X, Y, Z position 
DDAs and the Feed DDA . 
 𝑡𝑎𝑟𝑔𝑒𝑡𝑠 = [𝑥𝑡𝑎𝑟𝑔𝑒𝑡  𝑦𝑡𝑎𝑟𝑔𝑒𝑡 𝑧𝑡𝑎𝑟𝑔𝑒𝑡] The interpolation incremental targets 
Ensure:   The correct train of pulses to arrive to the targets 
 
1: Initialize 𝑚, 𝑛                                              % the register size for the position and feed DDAs 
2: Initialize 𝑞𝑥 𝑞𝑦 𝑞𝑧 𝑞𝑓                                   % the overflow registers for the position and feed DDA 
3: Initialize 𝑂𝑢𝑡𝑝𝑢𝑡𝑠 = [𝑂𝑢𝑡𝑥 𝑂𝑢𝑡𝑦 𝑂𝑢𝑡𝑧𝑧]  % the position outputs of the interpolator 
4:      Initialize 𝑠𝑡𝑒𝑝𝐿𝑖𝑚 = |[𝑃𝑥  𝑃𝑦 𝑃𝑧]|                % software interpolator  
5:       Initialize 𝐶𝐵                                                 % circular bit. True or false 
5: while clock 
6:      if |𝑇𝑎𝑟𝑔𝑒𝑡𝑠 − 𝑂𝑢𝑡𝑝𝑢𝑡𝑠| < 𝑡𝑜𝑙 
7:           break;  % end interpolation 
8:      end if 
9:      𝑞𝑓 = 𝑝𝑓 + 𝑝𝑓 
10:      if 𝑞𝑓 ≥ 2
𝑚 
11:           𝑞𝑓 = 𝑞𝑓%2
𝑚 
12:           𝑞𝑥 = 𝑝𝑥 + 𝑝𝑥 
13:           𝑞𝑦 = 𝑝𝑦 + 𝑝𝑦   
14:           𝑞𝑧 = 𝑝𝑧 + 𝑝𝑧 
15:           if 𝑞𝑥 ≥ 2
𝑛 
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16:                𝑞𝑥 = 𝑞𝑥%2
𝑛  
17:                if  𝐶𝐵 then 𝑝𝑦 = 𝑝𝑦 − 1 
18:                if 𝑥𝑡𝑎𝑟𝑔𝑒𝑡 >  𝑂𝑢𝑡𝑥 then 𝑂𝑢𝑡𝑥 =  𝑂𝑢𝑡𝑥 + 1  % output to x-axis 
19:                        end if      
20:            if 𝑞𝑦 ≥ 2
𝑛 
21:                𝑞𝑦 = 𝑞𝑦%2
𝑛  
22:                if  𝐶𝐵 then 𝑝𝑥 = 𝑝𝑥 + 1 
23:                if 𝑥𝑡𝑎𝑟𝑔𝑒𝑡 >  𝑂𝑢𝑡𝑥 then 𝑂𝑢𝑡𝑥 =  𝑂𝑢𝑡𝑥 + 1  % output to y-axis 
24:           end if      
25: end while 
 
2.2.7 Shape joint transforms for kinematic modeling of machine tools 
The shape-joint transformations model [61] separate parameters associated with the rigid 
geometry of the links and joints of the machines in different transforms, as opposed to the 
commonly used Denavitt-Hartenberg (DH) approach [62]. This approach is more intuitive and 
avoids many of the DH singularity issues.  The joint transforms have the form of homogenous 
rotation and translations along the z-axis and, in CNC machines; deal primarily with prismatic and 
revolute joints. The shape transformation primarily models translations across links. The ideal 
kinematic of a machine spindle can be expressed by the series of homogeneous transformation 
matrices (HTMs). This series consists alternating joint and shape transformations.   
Algorithm 2. Update model transformations of a mechanism  
Spans the graph of the mechanism to ensure the kinematic transformations with the position and 
orientation of its bodies. 
Require:   𝑀 = (𝐿, 𝐽) The graph of the mechanism consisting on a set links connected 
by joints.  
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A link 𝐿𝑖 = (𝐵𝑖 , {𝐽𝑗}) consists of a body and the sequence of 
joints connecting that body to the root link.  
A body 𝐵𝑖 = ({𝐺𝑖}, {𝑇𝑆𝑖}) is defined as a set of meshes and shape 
transforms with a one-to-one correspondence. The shape 
transforms determine the individual position and orientation of 
the meshes, before the assembly, relative to the global frame. 
A joint 𝐽𝑖 =  ((𝐵𝑗 𝐵𝑘) (𝑇𝑗 𝑇𝑘 )) consist on a pair of bodies and the 
corresponding shape transforms of the joint in those bodies. 
 𝚯 = [𝜃1 𝜃2 … 𝜃𝑛]
𝑇 The positions of the joints in the mechanism 
Ensure:  Σ = [𝑇𝑀1 𝑇𝑀2 … 𝑇𝑀𝑛] The set of coordinate systems that determine the position and 
orientation of bodies in the mechanism, at the  current position of 
the joints 
 
1: % let 𝑇𝑆0 be the shape transform of the root link 
2: for  each link 𝐿𝑖 in 𝑀 
3:      % calculate the transform of the link 𝑇𝐿𝑖 at the end of the kinematic chain 
4:      𝑇𝐿𝑖 ← 𝐼4    % the size 4 identity matrix 
5:      for  each joint 𝐽𝑗 = ((𝐵𝑘 𝐵𝑙) (𝑇𝑘 𝑇𝑙 ))  in 𝐿𝑖 
6:           Φ𝑖 ←calculateJointTransform(𝜃𝑗) % returns a homogenous translations or rotation along Z  
7:            𝑇𝐿𝑖 ← 𝑇𝐿𝑖 ∗ 𝑇𝑘 ∗ Φ𝑖 ∗ 𝑇𝑙
−1   % a recursion to find the link transform 
8:      end for  
9:      % calculate the transforms of the bodies within the link 𝐿𝑖 
10:      for  each body 𝐵𝑗 = ({𝐺𝑗}, {𝑇𝑆𝑗})  in 𝐿𝑖 
11:          𝑇𝑀𝑖 ← 𝑇𝑆0 ∗ 𝑇𝐿𝑖 ∗ 𝑇𝑆𝑗    
12:      end for  
13: end for 
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Algorithm 2 proposes a general way of updating the model transformations () of any 
mechanism links given its graphs and the prescribed position of its joints. The basic idea is to 
spawn the kinematic chain connecting each link to the root link to find its model transform as a 
series of multiplications of shape and joint homogeneous shape and joint transformation matrices 
2.2.8  Industry 4.0  
Industry 4.0 is the name for the current trend of data exchange and internet connectivity in 
industrial automation.  It refers to the integration of cyber physical-systems, the internet-of-things 
(IoT), cloud computing, cognitive computing, and cloud manufacturing with the industrial 
manufacturing sector. The term “industry 4.0” originated from a project form the German ministry 
of education and research [63] that promoted the intertwining of the real and virtual world in 
industrial manufacturing environments.  Industry 4.0, the revolution of cyber physical systems in 
industry refers to the next industrial revolution after the mechanization and steam power industrial 
revolution (1.0), the mass production assembly line and electricity revolution (2.0), and the 
computer numerical control technology in automation (3.0).  
The first stage of this initiative tackles the problems of planning security, clear production 
strategies and the limitation of economic risk. More resent stages focus on creating a fundamental 
change in production and work processes. This is based on an industrial strategy for strong 
customization of products under conditions of highly flexibilized production in mass. The basic 
principle of Industry 4.0 is that by connecting machines, work pieces and systems, businesses are 
creating intelligent networks along the entire value chain that can control each other autonomously. 
Technologies developed for industry 4.0 must abide to the principles of interoperability5, 
information transparency6, technical assistance7, and decentralized decisions8.  
                                                 
 
 
 
5 The ability of systems to connect and communicate with each other via the Internet of Things (IoT)  
6 The ability of information systems to create a virtual copy of the physical world by enriching digital plant models with sensor 
data. 
7 the ability of assistance and cyberphysical systems to support humans by aggregating and visualizing information 
comprehensibly for making informed decisions and solving urgent problems on short notice 
8 The ability of cyber physical systems to make decisions on their own and to perform their tasks as autonomously as possible 
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Some examples for Industry 4.0 are machines, which can predict failures and trigger 
maintenance processes autonomously or self-organized logistics, which react to unexpected 
changes in production.  
The biggest challenges of this initiative are information technology (IT) security issues arising 
from opening up manufacturing shops to the internet. This can compromise the integrity of 
industrial processes and expose the industrial know how. The loss of jobs due to increasing 
automation is also a challenge in the implementation of industry 4.0 
2.3 Literature review 
2.3.1 Silicon-based MEMS micromachines and  positioning systems 
Silicon-based micro-electro-mechanical positioning systems find application in the fields of 
micro- and nanomanipulation and nanoprobe technology. With their ability to regulate dis-
placements and forces with high resolution, their applications include switches [24] , micro force 
sensors [64] [65], data storage devices, scanning probe microscopy actuators [66] [67], micro 
optical lens scanners and aligners [22] [36] [68] [69]. Some of the important reasons why MEMS 
positioners play an important role in nanotechnology are: size, high dynamic range, high resolution 
of motion or force, and integrated fabrication with other elements of micro-systems. With the latter 
often being critical consideration in applications that embed MEMS-based nanopositioners, while 
piezoelectric actuators [70], shape memory alloy actuators [71], electromagnetic actuators, electro-
thermal actuators [72] have been suggested, electrostatic comb-drive actuators [19] [22] [24] [36] 
[52] [64] [65] [66] [67] [68] [69] [73] [74] [75] are most commonly used.  
Complex bulk-microfabricated devices with 3D features are challenging to produce. Most 
MEMS devices therefore remain simple in shape due to the two-dimensional (2D) and two and a 
halfdimensional (2.5D) nature of most of the (common microfabrication processes such as DRIE 
(Deep Reactive Ion Etching) and LIGA (Lithographie, Galvanoformung, Abformung). For this 
reason, many of the MEMS-scale mechanisms are flat structures built on a device layer of an SOI 
substrate, anchored to the buried oxide (BOX) layer, partially removed to create a suspended 
device layer structure [23]. Among the recent efforts to produce XYZ nanopositioning MEMS 
stages is the fabrication of a 3-axis positioning stage with comb drives held by tethering beams 
(Liu, 2007). The combs are used to move the center stage in X and Y direction and a parallel plate 
electrostatic actuator is used to position the center stage vertically. Initially, the mechanism has 
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decoupled XYZ motions and low actuation voltage is required (as the actuators are lined up with 
the motion directions). Although integrating dedicated gap-closing type actuators is effective in 
achieving independent out-of-plane motion, this type of a scheme requires high actuation voltages 
and suffers from pull-in instabilities, limiting the range of motion and creating difficulties when 
the end-effector of the machine may pick up external disturbing forces. A 3-axis nanopositioning 
stage using electrostatic actuation is reported in [76]. In this work, the out-of-plane motion is 
obtained by the fabrication of two sets of comb actuators with inclined orthogonal suspensions on 
a SOI substrate by means of inductively coupled plasma (ICP) etching and focused ion beam (FIB) 
machining. The stage has a reported workspace of less than 0.5 µm at a 100 V of actuation in XYZ 
direction. Alternatively, vertical comb-actuators have been used to generate motion in the out-of-
plane direction and they have been found useful in applications such as scanning micro-mirrors 
[35]. An example of a serial mechanism for 3-axis micro motion stage is given in [19]. This design 
assembles a nested structure of electrostatically driven stages to produce the XY motion and an 
electro-thermally driven stage to produce the Z motion. The stage relies on a buckling phenomenon 
to produce vertical actuation. The range of motion of the stage is reported to be 53.98, 49.15 and 
22.91 µm along X, Y and Z respectively. Electrical isolation together with signal and power 
routing are challenging in such designs. Further, error characterization and compensation are 
required to reduce the effects of coupling between the individual stages. Dong and Ferreira [6] 
demonstrated controlled XYZ motion at a cantilever tip by actuating a cantilever mounted on an 
XY stage with a tilt-plate electrostatic actuator. Here the out-of-plane motion along the z-axis was 
limited to around 2 µm. 
2.3.2 Open-manufacturing platforms 
Emerging open source (software and hardware) platforms provide a rich offering of 
manufacturing technologies such as laser cutting, 3D printing [30] and CNC machining, which, in 
turn, open up the option of economical manufacturing of one-off complex geometries or simple 
shapes from a variety of polymers and affordable metals, albeit at reduced accuracies and strengths. 
While such approaches have the potential for use in the fabrication of mesoscale electro-
mechanical systems, they required the implementation of smart and appropriate design rules ( [28], 
[29], [39], [77]) to alleviate the effects of low accuracy, poor surface finishing, anisotropy and 
reductions in material properties of components, thermal instability and small holding forces [30]. 
There is a strong motivation for low-cost, scalable manufacturing techniques that address the 
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design and construction of mesoscale systems for single-use/reduced-life applications, often 
encountered medical industry (because of biocontamination), soft robotics, flexible electronics, 
and general support of machine design iteration through rapid functional prototyping [78].  
2.3.3 Opens-source electronics in numerical control technology 
Computer-based interfaces and increasingly sophisticated process-planning algorithms have 
made new generations of CNC machine tools more productive and easy to use. However, 
controllers still expensive, difficult to modify and customize, and the primary reason for obsolesce 
of the machine. These challenges make commercial CNC controllers a cost liability for industrial 
and academic research and a difficult technology for the integration with the latest online planning, 
simulation and monitoring software. Although some advances at the research and development 
levels had been made towards developing a more open controller  ( [58], [79], [80], [81]) the 
majority of these solutions focus on implementing the trajectory generation algorithms inside 
generic PCs with a real-time operating system (RTOS) [82]. These solutions limit the resolution 
of the trajectory due to the slow clock cycles, or use hard-to-update, off-the-shelf ISA/PI bus cards 
[41] to interface with the embedded numerical kernel, which contributes to the obsolescence of the 
controllers. Such factors create a need for a more flexible, inexpensive, embedded CNC controller.   
The open-electronics ecosystem provides affordable micro-processing and sensing 
technologies that have the potential to lead the way for intelligent servo-controlled machining tools 
[25]. Guided by the declining cost of microprocessor-based developing platforms (Arduino, Ti 
Launchpad, Teensy, Beaglebone), some of the NC applications (CNC routers, laser cutters and 3D 
printers) have rapidly migrated from a proprietary hardware to open source hardware systems. 
However, most of these controllers (such as GRLB, RepRap, Smoothie) resemble a monolithic 
architecture (the interpretation and the interpolation algorithms execute in the same processing 
unit) that focuses on generating the sequence of output pulses to acute stepper motors in an open-
loop configuration system [55]  as oppose to be fed as the reference to a closed-loop system. This 
limits the computing resources, flexibility, modularity and overall performance of this solution 
relegating them to stepper motor systems. Stepper motors are the common choice due to their 
simplicity, and controllability.  
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 The OAC paradigm regains relevance with the new revolution in open electronics. Free from 
proprietary hardware implementation, an OAC based on open electronics would represent a step 
forward in the flexibility and openness of these systems, creating an opportunity for easy 
automation of new manufacturing processes and custom-based CNC solutions.  Research has been 
conducted in the area of OAC based on open source electronics ( [41], [83], [80], [79] ). The 
implementation of open-electronics to the control of a DC motor with encoders is shown in [83]. 
The microcontroller in this implementation computes cubic polynomial trajectories between the 
initial and final angular positions and use hardware interrupts to count the pulses. Generating the 
tool path, counting pulses and executing servo control loops in the same microcontroller results in 
slow servo frequencies. Reference [80], presents a partial implementation of an OAC based on a 
component approach. This system features an offline G-code parser where the G-Code is 
interpreted into canonical functions that are, later, executed by the microcontroller from a USB 
stick. This alternative allows the use of low performance electronics as the motions of the toolpath 
are computed offline, in the PC. However, this type of system cannot execute G-Codes or motion 
instructions in real time. A similar approach where the interpolated motion is first processed in a 
PC system is presented in [41]. The architecture in this work is capable of real time control by the 
implementation of a dual- processor, servo control card. When one of the processors receives and 
stores the data, the other process the motion. The tasks in the microprocessor switches after the 
stored machine codes are executed. This solution requires a high computing performance to match 
the real time requirements of CNC systems. Furthermore, an implementation of an open 
architecture control, based on open electronics, should rely on the affordability of these 
components to delegate the real-time task to independent microcontroller units. Next generation 
of open electronics in CNC should leverage the power of multiple-processing units to perform 
tasks requiring increased computational resources [84], online machine monitoring [85], better 
integration with CAM software packages [86],  better control of the position of the tool through 
closed-loop configurations, smoother motions and higher feeds. Furthermore, these machines 
should work under open control interfaces that are easily adaptable to the integration of new 
technologies, allow for the creation of reconfigurable manufacturing units and the reusability of 
software components. This strategy has the potential of leading to flexible systems with increased 
overall performance. 
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2.3.4 Numerical Control as a Service 
Collaboration, the internet of things, and software as a service (SaaS), challenge the way 
manufacturing industry and, particularly, computer numerical control (CNC) technology interacts 
with users and computer tools [87] (computer aided designed (CAD), computer aided 
manufacturing (CAM) and computer aided engineering  (CAE)). The software as a service model 
presents as an opportunity to rearchitect numerical control systems in an effort to minimize stand-
alone software, decentralize manufacturing resources (avoid islands of automation) and seamlessly 
integrate CNC technology with other software components in the design-manufacturing pipeline. 
In addition, in a time where modern manufacturing industries transition from hard manufacturing 
lines and well stablished products to flexible manufacturing lines and customized products [88], 
there is a necessity to develop an open architecture control with a service oriented approach, easily 
accessible by web tools and applications, to readily adapt changes form the design and 
manufacturing areas to the shop-floors [89]. This new architecture should adhere to the concept of 
openness, be extendable and scalable, easy to mine real-time machine data from, and integrate 
local applications with web and cloud applications. 
2.3.5 Cloud manufacturing 
Meier M. et al. [90] describes cloud manufacturing (CM) a service-oriented approach 
information technology (IT) for the next level of manufacturing networks. It enables the enterprise 
integration of production and shop floor levels. Zhang et al. [91] describes a CM service platform 
as combining resources and capabilities, the manufacturing cloud, and the manufacturing life cycle 
applications with service providers, cloud operators and service users. This research presents the 
general architecture for CM as consisting of resource, perception, service, middleware and, an 
application layers. The inclusion of enterprise users to the CM architecture is proposed by Tao et 
al [92]. This work states the importance of a new distribution model for software in CM, and 
proposes simpler architecture consisting of a user cloud (applications layer), a smart cloud 
manager (virtualization layer), and a manufacturing cloud (virtual service layer). Yaquina Lu et al. 
[93] propose the development of a hybrid MC (private and public) with a resource, a virtual, and 
a global service layer. This approach enables companies to self-define access rules on their 
resources for other companies in the cluster. Tao et al. [94] Introduces technologies for perception 
and access of manufacturing resources in CM.  Most of these practices analyses the future picture 
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of CM or propose systems for different business scenarios ( [95] , [96] ). However, a detailed 
implementation of the operating system necessary to service and virtualize manufacturing 
resources, based on modern web applications technology, has not been demonstrated. Furthermore, 
the problem of creating a new software distribution model that includes software developers and 
providers, in CM, has not been addressed.  
2.4 Dissertation Outline 
This thesis is organized as follows: 
Chapter 3 examines the opportunities in the design of modern machine tools created at the 
microscale. This chapter discusses a design methodology of complex 3D MEMS machines realized 
from conventional 2.5D microfabrication processes and presents an example in the area of MEMS 
parallel kinematics stages.   
Chapter 4 presents research exemplifying the opportunities created by new and economical 
manufacturing technologies in the design and fabrication of modern machine tools. This research 
involves the design of a new assembled flexible joint enabled by the combination of traditional 
and additive manufacturing processes. Based on this joint, the design and fabrication of a four-bar 
mechanism for precision engineering applications, a flexible sensor for knot-tying and suturing 
training, and a laminated delta micro-machine with potential applications in medical 
instrumentation and imaging will be presented as case studies of this methodology. 
Chapter 5 addresses the development of a new control architecture based on the current 
availability and affordability of micro processing power technologies. This chapter sets the 
theoretical background on open architecture controllers and gives a detailed description of the 
software architecture and its hardware implementation in different open-source electronics 
ecosystems.  
Chapter 6 explores the opportunities created by combining the latest trends in cyber-physical 
systems, the internet of things, open source, and open electronics, with the classical concepts of 
modular and open architecture controllers for CNC systems. It describes the main components of 
a new control paradigm, oriented for numerical control as a service (NCaaS) and manufacturing 
as a service, tailored to the creation of cyber-manufacturing networks of shared resources and web 
applications. A new cloud-manufacturing paradigm for organizing networks for numerical control 
 32 
 
(NC) infrastructure, provisioned and managed over the internet, is presented based on this 
research. 
Chapter 7 stablishes potential areas in which future research based on this investigation would 
be most fruitful.  
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CHAPTER 3: OPPORTUNITES CREATED AT THE 
MICROSCALE. A NEW PARALLEL-KINEMATICS XYZ MEMS 
STAGE 
 
3.1 Introduction 
The previous chapter introduced the importance of micro and nano-positioning systems in the 
field of nanotechnology for probing, imaging and increasingly for processing along with the 
rationale for the research and development of new manufacturing strategies and analytic tools that 
enable higher functionality there MEMS machine tools. The importance of using a layered-based 
approach to the fabrication of 3D mechanical structures, with bar and joints, using conventional 
silicon processes was also established. This chapter will discussed the design, analysis, fabrication, 
and experimental characterization of a novel parallel kinematics XYZ MEMS stage (PK-MEMS) 
with spatial translations as a case study to the design-for-fabrication micro-machines. With three 
independent kinematic chains connecting the end-effector to the base, a fully functional 
mechanism with axis actuation and displacement sensing is realized in a double device layer 
(“oreo”) SOI wafer using only conventional, microfabrication processes. This part of my research, 
presents the mechanism, specially designed for scalable microfabrication. It analyzes its 
kinematics and dynamics, and characterizes its workspace. Continuing work in this chapter has 
been done in collaboration with Koo [21] describing the detailed design, fabrication, 
characterization and control of the device. 
In this thesis chapter, a parallel-kinematics scheme, particularly well-suited for a flexure-based 
SOI MEMS stage with XYZ motion capabilities is presented and analyzed for its kinematics and 
dynamics. The stage has three independent kinematic chains and is designed to be operated by 
linear comb actuators. The kinematic chains make in-parallel mechanical connections between the 
base of the manipulator to its end effector. Each kinematic chain has one actuated prismatic joint, 
a parallelogram 4-bar mechanism and an out-of-plain link. The end-effector is held by the out-of-
plane links, and each of the chains is located to have 120º rotational symmetry in the XY plane. 
The device is designed for fabrication on double device layer (‘oreo’), silicon-on-insulator (SOI) 
substrate, consisting of two device layers and a handle layer sandwiched between them, and 
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insulated from them by buried oxide (BOX) layers. The high aspect ratio structures such as the 
integrated comb drives and out-of-plane links are achieved by deep reacting ion etching (DRIE). 
Both handle layer and the device layers are used in the fabrication process to produce the three-
dimensional spatial features of the kinematic structure. The 4-bar mechanism structure and the 
comb drives are mapped onto the device layer 1 (DL1) and connected to the out-of-plane link by 
out-of-plane hinges. The end-effector and a set of out-of-plane hinges are mapped to the device 
layer 2 (DL2) and are also connected out-of-plane link. The out-of-plane link spans all the layers, 
DL1, DL2, handle and BOX of the substrate, connecting the components patterned into the two 
layers, DL1 andDL2. Fig. 6 shows a schematic of the XYZ MEMS kinematics structure and how 
this structure is mapped onto the layers of the SOI substrate.  
This part of the body of work in this thesis will focus on developing the theory (kinematics, 
dynamics, workspace and forces) required to design and control this mechanism. It gives 
examples, using representative values (obtained from the detailed design of a device [21]), of how 
the formulae developed, characterize these important aspects of a designed device. Subsequent 
research in collaboration with Koo [21] has focused on the detailed design, fabrication, 
characterization and control of an XYZ MEMS positioner. Besides their contributions to the 
theory, analysis, design and integration of a novel out-of-plane MEMS positioner with previously 
unrealized capabilities, this research also demonstrates that, just like conventional scale 
positioning systems, multi-purpose, self-contained MEMS-scale positioning stages can be realized 
with traditional fabrication processes. Further, together this body of work [20] [21] provides the 
 
Figure 6. Kinematic representation of the parallel-Kinematics XYZ MEMS and its mapping onto an SOS “Oreo” 
wafer 
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complete design methodology and fabrication steps for designing and realizing such positioning 
systems. 
3.2 Schematic design and kinematic analysis of the PK-XYZ-MEMS stage. 
The proposed scheme for the Parallel Kinematics XYZ MEMS (PK-XYZ-MEMS) stage is an 
adaptation of the Parallel Kinematics XYZ Nano-Positioning stage (PKXYZNP) [4]. Like the 
PKXYZNP, it has three independent kinematic chains, but with the rotational actuators replaced 
by comb-drive actuators and the motion of the second four-bar mechanism decoupled into an in-
plain four-bar mechanism and an out-of-plane link. These modifications allow for miniaturization 
of the stage and its implementation as a MEMS device. As previously mentioned, and shown 
schematically in Fig. 7, the kinematic structure of each chain consist of an in-plane (here the XY 
plane) parallelogram four-bar mechanism whose base is attached to an in-plane prismatic actuator. 
The connector of the 4-bar is connected to a rigid out-of-plain link by a revolute joint whose axis 
is in the XY plane, thus permitting the link to swing out of the XY plane. This other end of this 
link is connected to the end-effector by a revolute joint. An in-plane prismatic actuator that moves 
along a fixed line in the XY plane actuates each chain. The parallelogram four-bar mechanism of 
each chain is designed so that its connector undergoes pure translation along a circular path in the 
XY plane and its orientation is always parallel to its base. The only degree of freedom allowed by 
the out-of-plane link is a rotation around an axis, also parallel to the base of the four-bar 
mechanism, which never changes orientation relative to the base of the mechanism. Therefore, the 
 
 
Figure 7. Kinematics parameters, variables and frame location of the XYZ stage. 
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edge connecting the end-effector  to the out-of-plane link never changes orientation. Since we have 
3 kinematic chains, we have more than two different, non-parallel lines on the end-effector that 
always maintain the same orientation, regardless the configuration of the stage. This explains why 
the table experiences only translation. Referring to Fig. 7, the four-bar parallelograms span the XY 
plane while the out-of-plane links allow the out-of-plane motion of the stage. Fixing the position 
of the three prismatic actuators, results in fixing the end-effector at a XYZ location.  
3.2.1 Forward kinematic analysis 
The solution of the forward kinematic problem of a parallel-kinematics robot is usually more 
complicated than that for its inverse, as the loop closure equations are highly nonlinear expressions 
of the actuation variables [97]. In this section, we show, using an elimination technique, that the 
forward kinematics problem can be reduced to a polynomial equation governing the in-plane 
kinematics and admitting six possible solutions. Since the forward kinematic problem does not 
admit a closed form solution, the inverse kinematic solution is used throughout this work for the 
purpose of design, analysis, and verification of the experimental data. Consider the schematic of 
the XYZ MEMS shown in Fig. 7. For simplicity, we consider the system to have three identical 
kinematic chains that are the result of consecutive rotations of 120º with respect to each other. The 
chains are labeled as A, B and C. The actuated distance of each chain is 𝜆𝑖(𝑖 = 1 − 3). The lengths 
of the cranks of the four-bar mechanisms and that of the out-of-plane links are L1and L2 
respectively and the angular displacement of each four-bar mechanism is 𝜃𝑖˛ 𝛼 is the angle formed 
 
Figure 8. Final kinematics transformation in which the end effector is collapsed to a point with the constraint that its 
orientation remains invariant. 
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by the out-of-plane linksand the base (XY plane). The end-effector is an equilateral triangle with 
in-center radius R. Because of the symmetry of the chains, the base links of each chain can be 
thought to be tangential to a circle of radius 𝑅𝑏 (see Fig. 7). 
To facilitate the kinematic analysis of this mechanism, we con-sider two modifications: first, 
the end-effector is collapsed to a point P. This is possible because the table undergoes no rotations. 
To accommodate this, the outer radius of the stage is reduced by R. As shown in Fig. 8, the three 
fixed/base points of the kinematic chains, i.e., Ao, Bo, Co, are now located on a circumscribing 
circle with radius 𝑟 = 𝑅𝑏 − 𝑅 and coordinates:  
 
   
 
 
0 0 0
0 0 0
0 0 0
, , 0,0,0
3 3
, , , ,0
2 2
3 3
, , , ,0
2 2
A A A
B B B
C C C
X Y Z
X Y Z r r
X Y Z r r

 
   
 
 
   
 
 (3.1) 
The directions of actuation are defined by the unit vectors: 
 
1 2 3
3 1 3 1
, ,
2 2
ˆ ˆ ˆ ˆ ˆ
2
ˆ ˆ
2
ˆj i j i j      e e e  (3.2)  
The second modification involves representing the parallelogram 4-bar mechanism with a 
single link. This is valid, provided that additional constraints are introduced to keep the direction 
of the projections of the out-of-plane links (now meeting at the point P) in the XY plane invariant. 
Under these conditions, the link used to represent the 4-bar mechanism, can be viewed as a 
redundant link in the parallelogram 4-bar mechanism system, parallel to the crank and follower, 
connecting the base to the connector, and having the same length. Fig. 8 shows the resulting 
simplification in the scheme of the mechanism.  
A1, B1, C1 are the contact points between the links representing the four-bar mechanism and the 
actuators. Their coordinates are a function of the actuator displacements, λi, and the directions of 
actuators. They can be written as: 
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The projected length δ of the out-of-plane links in the XY plane varies equally for all the 
chains, regardless the configuration of the machine. Therefore, points A2 , B2 and  C2, connecting 
the links representing the four-bar mechanism and the out-plane links, lie on the circumference of 
a circle in the XY plane, centered at the projection of P in the XY plane, and with a radius that 
equals the projected length δ of the out-of-plane links (which in turn, depends on the table 
elevation). Thus, the coordinates of points A2, B2, C2 are: 
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The algebraic system of equations describing the kinematics problem is obtained by 
constraining the distances of segments 𝑨𝟏𝑨𝟐̅̅ ̅̅ ̅̅ ̅̅ , 𝑩𝟏𝑩𝟐̅̅ ̅̅ ̅̅ ̅, 𝑪𝟏𝑪𝟐̅̅ ̅̅ ̅̅ ̅ to be equal to L1. We get: 
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 (3.5)  
With unknowns Px, Py and δ. Further elimination of the variables Px and Py  yields a sixth order 
polynomial equation in the parameter δ. The coefficients of this polynomial are functions of the 
coordinates of the fixed points Ao, Bo, Co and the displacements λi of the actuators. The particular 
equation governing the direct kinematics of the stage (see Appendix A) can be obtained  by 
substitution of the base points coordinates into Eq. (3.5) with the trial values for the mechanism 
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dimensions of r = 2.5 mm, L1 = 1, L2 = 0.7071 mm and using software for symbolic computing
9. 
Although there are six solutions to the forward kinematics problem, we are interested in those that 
are physically realizable, and thus corresponding to the values of Px and Py being real and the 
projected distance δ being positive and less than L2. From here, the height Pz of point P above the 
XY plane is calculated as the positive root of: 
 2 2
2zP L    (3.6)  
This completes the forward position kinematics. 
3.2.2 Inverse kinematic analysis 
The inverse kinematics problem of the XYZ parallel kinematics is stated as: Given the 
coordinates (Px, Py, Pz) of point P on the table with respect to the fixed coordinate system, find the 
values of λ1, λ2, λ3. From the value of Pz we know that δ, the projection of the length L2 on the XY 
plane is the positive root of: 
 2 2
2 zL P    (3.7)  
The solution of the inverse kinematics problem is arrived at by substitution of Eq. (3.7) into 
the system of equations (3.5) and solving for λ1, λ2, λ3 independently in each of the equations. 
Therefore, we have: 
                                                 
 
 
 
9 Mathematica® by Wolfram Research Inc. 
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Each of the λi can take two values, corresponding to the intersections of a circle of radius L1 
with the directions of actuation. Knowledge of the range of permissible values for λi permits the 
identification of the correct solution. This completes the inverse position kinematics. Next, we 
address the velocity kinematics problem by computing the Jacobian matrices relating the velocities 
of all the members of the manipulator to the velocity of the actuators by differentiating Eq. (3.5). 
Here, the position of end-effector is known. The instantaneous kinematics problem is relevant to 
our subsequent discussion on the workspace and dynamics of the manipulator.  
Because of the relatively small angular displacement of the joints, the kinematics can be 
linearized around the nominal configuration of the machine resulting in an invariant Jacobian 
matrix of the system J1 relating the linear displacement vector of the end-effector from its nominal 
position to the displacements of the actuators by the following relationship. 
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Proceeding in a similar manner, for the hinges of the 4-bar mechanisms of each chain, we have 
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Similarly, for the out-of-plane hinges, we have, 
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For the symmetric design of the mechanism in this paper, we have the following Jacobian 
matrices at the nominal configuration expressed as functions of the design parameters L1 and L2 
and the initial elevation angle 𝛼0: 
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The linearized form of the instantaneous kinematics has the following properties: 
• Near to the nominal configuration, the Z (out-of-plane) motion of the manipulator is 
dependent on the elevation angle 𝛼0, but independent of the lengths L1 and L2. 
• The summation of the angular displacements of all 4-bar mechanisms is zero. 
• Any displacements of the end-effector in an XY plane (with constant Z height) in the 
manipulator’s workspace is defined by Δλ1 +Δ λ2 +Δ λ3. = C, where C is constant. 
Motion of the end-effector along the Z axis from the nominal position corresponds to 
displacement of the actuators such that Δλ1 =Δλ2 =Δλ3. 
 
3.3 Static and dynamic analysis 
Lagrange’s equation, derived from the Hamiltonian principle, is used to calculate the stiffness 
matrix, vibration modes and natural frequencies of the manipulator. We have, 
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Where T is the total kinetic energy in the system, V is the potential energy of the system 
including the strain energy stored in the elastic elements of the system and the potential of any 
conservative force, xi is the linearly independent set of generalized coordinates (x, y and z) and Qi 
represents the generalized non conservative forces (the external forces at the end-effector of the 
mechanism). For the purpose of analysis, the manipulator is assumed to have all of its mass 
concentrated at the moving table and all of flexible elements to be perfectly elastic. Any non-
conservative forces in the system are neglected. From the linearized kinematics of the stage, we 
can relate the displacements of the generalized coordinates ∆𝐱  = [Δx, Δy, Δz] T to the displacements 
of the actuators Δq = [Δλ1, Δλ2, Δλ3] T from their nominal positions as Δ𝐪 = 𝐽1
−1Δ𝐱. Since the mass 
of the system is assumed to be concentrated at the table, which undergoes pure translation, the 
total kinetic energy of the system is approximated as:  
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The potential energy of the system is given by the strain energy stored as elastic deformations 
of the flexible elements of the device, i.e., the folded leaf-spring, the in-plane and the out-of-plane 
hinges. The strain energy stored in a leaf of the folded spring suspension of the ith-kinematic chain 
is: 
 2
1
1
, 1,2,3
2
iV K i    (3.15)  
Where 𝐾1 is the linear stiffness of an individual folded leaf-spring. Since the folded leaf-
springs we use in our designs have 4 leaves that simultaneously deformed, 𝑉 = 2𝐾1Δλ𝑖
2
. The 
energy stored in all the folded leaf-spring suspensions (there is one for each kinematic chain) can 
be related to the displacement of the end effector through the Jacobian matrix as: 
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Each chain has also a 4-bar mechanism with 4 flexural hinges. Further, we expect two sets of 
2 small-flexural pivots at the two ends of the out-of-plane link. Hence, the same expression applies 
to the energy stored in these elements. Thus, the total potential energy of the system becomes the 
addition potential energy store at each flexural element of the manipulator: 
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Where 𝐾1, 𝐾2 and 𝐾3 are the stiffnesses of the folded leaf-spring, the in-plane hinges in 4-bar 
system and the out-of-plane hinges at the ends of the out-of-plan link, respectively. Taking Eqs. 
(3.14) and (3.17) and substituting into the Lagrange’s equation, we get the dynamics equation of 
the stage as: 
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Where [𝐹𝑥 𝐹𝑦 𝐹𝑧]T is the vector of external forces at the moving table. Eq. (3.18) represents 
the dynamics of a 3DOF harmonic oscillator. An expression for the stiffness of the system as a 
function of the design parameters L1, L2, and α0, is obtained by substitution of the Jacobian matrices 
of Eq. (3.12) into Eq. (3.18). Namely:  
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The linearized form of the stiffness of the system has the following properties: 
• Near the nominal configuration, the in-plane stiffness is proportional to the stiffnesses 
of the folded leaf-spring suspensions, K1, and the 4-bar hinges, K2. It is inversely 
proportional to the square of the length of the 4-bar mechanism crank L1. 
• The out-of-plane stiffness is proportional to the stiffness of the folded leaf-spring 
suspensions, K1, and the out-of-plane hinges, 𝐾3. It is inversely proportional to the 
square of the length of the out-of-plane links L2. 
• High values of the initial elevation angle α0 result in high mechanical advantage along 
the Z direction which causes the out-of-plane stiffness of the manipulator to be high. 
To select the design parameters that ensure meeting the mechanical advantage or motion 
requirements (given the duality between them), it is desirable to match the force-stroke capability 
of the comb actuators with the stiffness of the manipulator structure. To exemplify this, the force-
displacement relationship for the out-of-plane motion of the manipulator can be written from Eq. 
(3.18) as: 
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From the linearized kinematics of the manipulator, we have: 
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 (3.21)  
Where Δλ are the displacement applied by all the actuators to move the stage an amount Δz. 
Also, from an energetic point of view, the energy required to push the three actuators must be 
equal to the energy invested in displacing the moving table in the z direction and thus, we get: 
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Where 𝐹𝜆 is the force applied by each actuator to lift the moving stage an amount Δz. It should be 
notice that Eq. (3.22) is consistent with the duality between displacement and force in the 
manipulator, namely: 
  11
T
J x λF F  (3.23)  
Vectors Fx and Fλ in (2.23) correspond to the forces produced by the actuators and the forces 
transmitted to the end-effector, respectively. Substituting Eqs. (3.21) and (3.22) into Eq. (3.20), 
the out-of-plain motion of the manipulator can be expressed in terms of the force-displacement 
characteristics of the actuators as: 
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Fig. 9 shows the parametric design space L2 – α0 in which Eq. (3.24) represents a design 
constraint resulting from matching the force-displacement characteristics of different comb-drives 
to the stiffness of the manipulator.  Multiple design constraints are shown corresponding to 
different values of actuation forces. Each of these constraints divides the space into two regions. 
The region above to the constraints represents selections of lengths L2 and angles α0 in which the 
actuators have enough force to overcome the out-of-plane stiffness of the structure, reach their 
maximum stroke and balance an opposing vertical force at the end effector. Points across this 
region should be selected to meet different spatial and mechanical advantage requirements. 
Conversely, the region below corresponds to points where the stiffness of the structure is high 
enough so that the actuators cannot reach the maximum stroke. Finally, points lying on the 
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constraint represent the limit in which all the force generated by the actuators is used to overcome 
the stiffness of the structure and no force is available to the manipulator for external work. 
 
3.4 Design for physical realization 
In this section, we assess the feasibility and expected performance of a PK-XYZ-MEMS stage. 
In our previous work [18] [19] we have designed several elements that can be used in realizing the 
proposed scheme and optimized processes (taking into consideration capabilities and limits of our 
facilities) for their fabrication. These include in-plane hinges, leaf-springs, out-of-plane hinges, 
comb drives, sensing combs, and parallelogram 4-bar mechanism modules. The idea is to use these 
elements and a typically available SOI substrate to layout the design of a general-purpose stage 
with a workspace volume that can be embed a cube with side 20 µm and have a natural frequency 
of about 500-1000 Hz so that a sufficiently large frequency band is available for accommodating 
different positioning and probing applications. To do so, we must decide the parameters L1, L2, 
and α0,  of the mechanism so as  to match the stroke and force capabilities of the comb drives, the 
elastic range of the folded leaf-spring suspension, the 4-bar hinges, the out-of-plain joints, and the 
dimensional limits of available SOI structures. This exercise, therefore, not only serves to 
demonstrate the feasibility of designing stages with reasonable and useful characteristics, but also 
elucidates a design methodology for PK-XYZ-MEMS stages 
 
Figure 9. Parametric space for the design of the out-of-plane motion 
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3.4.1 Folded spring suspension design 
The suspension structure is designed to have large compliance in the direction of actuation and 
high stiffness in the parasitic direction to prevent side instabilities. Figure 10 shows a solid model 
of a kinematic chain in the mechanism, extracted from a detailed solid model of the designed 
system. In it are shown the different flexible elements of the chain: the folded leaf springs, the out-
of-plane springs, and the in-plane four-bar mechanism flexural hinges. The folded leaf-spring 
suspension used to support the device can be analyzed by elementary beam deflection theory. The 
stiffness of a clamped-clamped beam along the motion along the motion direction Kd and lateral 
direction Kl can be expressed as: 
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where l is the length of the leaf, t1 is its thickness and h1 is its height. For one folded leaf-spring, 
the overall stiffness in the direction of motion and lateral direction is computed by combining the 
 
Figure 10. Solid model of one kinematic chain. Parameters of the different flexible elements in the chain are identified 
and explained with inserts. 
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stiffness of two clamped beams in series. The stiffness of the two beams (with lengths l11 and l12) 
are 𝐾𝑑1 = 4𝐸ℎ1𝑡1
3/𝑙11
3
, 𝐾𝑑2 = 4𝐸ℎ1𝑡1
3/𝑙12
3
 and thus, the overall stiffness of the folded leaf-
spring is. 
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Similarly, the overall stiffness in the lateral direction is 
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The chosen dimensions for our folded leaf-spring system are l11 = 1.375 mm, l12 = 1.895 mm, 
t1 = 8 μm, h1= 90 μm and the stiffness in the direction of actuation becomes K1  = 0.002938 N/mm 
and the stiffness ratio K1l / K1 is equal to (𝑙11
3 + 𝑙12
3)/(𝑙11 + 𝑙12)𝑡1
2 = 44900. 
3.4.2 4-Bar Mechanism Hinges 
 The insert in Fig. 10 shows a solid model of the in-plane four-bar mechanism flexural hinge 
with relevant parameters. An approximation of the resistance of an in-plane flexure of the four-bar 
mechanism to horizontal bending [2]  is obtained as: 
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Where E is the young modulus, h2 is the width, t2 is the thickness and l2 is the length of the 
flexural pivot. The maximum bending torque applied to the hinge is  
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Where 𝐼2 = ℎ2𝑡2
3/12  is the moment of inertia of the flexure hinge about the axis of rotation 
and 𝜎𝑝 is the fracture strength of single crystal silicon. The rotational range limit for the in-plane 
flexural hinges is given by 
 max max zM C   (3.30)  
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For the flexure hinges used in our design, we have the following parameters: l2 = 100 μm, t2 = 
6 μm and h2 = 90 μm. The young modulus of single crystal silicon is 150 GPa and its elastic limit 
is about 7 GPa. With these dimensions and material properties, the stiffness and maximum rotation 
range of the hinges are 2.43 × 10−3N mm /rad and 1.5 rad respectively. This rotation translates 
into a maximum displacement range of 490 μm of the 4 bar structure.  
3.4.3 Out-of-plane hinges  
In our design, the out-of-plain links (shown in Fig. 10) are connected by a pair of small flexural 
pivots to both the 4-bar structure and the moving table. The torsional pivot resistance to bending 
is given by Eq. (3.28) as 
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Where E is the young modulus, b3 is the width, t3 is the thickness and l3 is the length of the 
flexural pivot. The maximum bending moment that can be applied to each flexural pivot is given 
by Eq. (3.29). Thus, the rotational range of the out-of-plane hinges is given by 
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The parameters of our design become l3 = 100 μm, t3 = 10 μm, b3 = 50 μm, and the stiffness 
and maximum rotation range of the hinges are 6.25 × 10−3 N mm/rad and 0.94 rad respectively.  
3.4.4 Comb-drive actuators 
The comb drive actuators must provide sufficient force to overcome the stiffness of the folded 
leaf-spring suspension, the 4-bar mechanism and the out-of-plane hinges. The force provided by a 
comb drive is given by the formula 
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  (3.33)  
Where n is the number of fingers, h is the height of a finger and g is the gap distance between 
to neighboring fingers. Our comb design has 360 fingers with a 5 μm gaps and 100 μm heights, 
generating a force of 1mN at 130V. MEMS probes, previously designed by our laboratory [19], 
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used similar electrostatic comb actuators with reported constant stiffness throughout measured 
displacements of 40 μm within 5 nm resolution. Besides electrostatic forces along the direction of 
motion, there are also electrostatic forces pulling the fingers together. According to [98], if the 
lateral stiffness of the folded springs K1l is large compared with the axial stiffness K1 (K1l >> K1l), 
the maximum displacement Δλ that can be obtained before pull-in will occur is 
 1 0
12
lkg
k
     (3.34)  
Where λ0 is the initial overlap between the fingers of the stator and the rotor. Based to this, and 
ignoring other effects, the design is capable of undergoing displacements of about 700 µm (far 
outside our designed range of motion) before experiencing pull-in instabilities. 
3.4.5 Selection of kinematic parameters and dimensions for stage 
One device layer (DL1) has to accommodate the actuation, the leaf-springs and the 4-bar 
linkage, it will therefore carry suspended structures with large lateral dimensions. Further, the leaf-
springs in this layer must resist the twisting forces that result from converting in-plain actuation to 
out-of-plane motion. For these reasons, it was decided to make this layer thicker that the other 
device layer (DL2) which only carries the end-effector. Initially, we selected a 50 µm device layer 
for DL1 and a 25 micron layer for DL2. After a number of design iterations, in which various 
design parameters were assessed, it was apparent that a device layer thickness greater than 70 µm 
was needed for DL1 to resist unwanted torsional deflection of the leaf-springs and deflection of 
the entire structure under its own weight. Based on this requirement, an “oreo” wafer, Ultrasil D4-
6110, with device layer thicknesses of 90µm and 27µm, handle layer thickness of 300 µm, and 
BOX layers’ thickness of 0.5µm was selected as the target substrate for this design. 
To accommodate the lateral dimensions of the leaf-springs and the comb-actuators, and to 
provide space for traces routing power and signals to and from the actuating and sensing combs, 
the parameter ‘r’ (see Figs. 7 and 8) was chosen to be 2 mm, with Rb = 2.5 mm and R = 0.5 mm. 
Next, the parameters L1 (length of the 4-bar crank), L2 (length of the out-of-plane link, and the 
elevation angle, α0 were determined by trying to simultaneously meet objectives of 
stiffness/structural resonance frequency of the stage (500-1000 Hz), workspace objectives, while 
being constrained by the force and displacement output of the actuators, the dimensions chosen 
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for the substrate and the overall stage. Based on these considerations, L1 = 0.5mm, L2 = 0.589 mm 
and α0 = 0.6 radians, were chosen as the parameters for the mechanism design.  
Based on these component designs and values for the stage parameters, a detailed design was 
laid in the three layers of the double SOI wafer. Fig. 11 shows a solid model view of the design of 
the stage when the kinematic chains of Fig. 10 are assembled and mapped into the different layers 
of the substrate. To reduce the mass of the stage while maintaining stiffness, the moving parts are 
patterned with a truss-like structure, resulting on a total mass of 3.655 × 10−3mg.  
3.4.6 Assessment of workspace of PK-XYZ-MEMS 
With the above parameters and dimensions, the workspace for the stage would traditionally be 
computed by solving the forward position kinematic equations for end-effector locations while 
iterating through all feasible combinations of displacements of the actuated joints. Other 
constraints, such as the feasible displacements of the unactuated joints, may also be checked while 
determining the boundaries of the workspace. Here, because we have a parallel kinematic 
mechanism, and because the range of motion of the actuators is so much smaller than the 
dimensions of the links of the machine, we can directly use the Jacobian of the stage, computed 
 
Figure 11. CAD rendered image of the PK-XYZ-MEMS showing the mapping  of the elements of the device to the 
layers of the substrate. 
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when all actuators are the center of their motion range, as an invariant relationship between the 
joint displacements and end-effector displacements. 
  
 
 
Figure 12.  Work space of the end effector of the XYZ stage and cross region on XY plane at different Z height. 
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Considering the range of motion of the actuated joints to be 25 µm, the position of the end-
effector at the center of its workspace is found by solving the position forward kinematics, given 
in Eq. (3.5). This is used to find the elevation angle, α0, of the out-of-plane link, and using Eq. 
(3.12) we get:    
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Fig. 12 shows the workspace for the stage. It can be seen that the volume of the workspace for 
a theoretical displacement of the actuators of 25 μm is 2432.5 μm3 and the highest Z displacement 
is at 36 μm. Further, the workspace has the shape of a cube standing on one of its vertices. The 
constraints generating the boundaries of the workspace are also indicated in the figure.  
The parasitic angular errors of the stage are calculated via finite element simulations. To obtain 
an estimate of the maximum value, the errors are computed along the boundary of the workspace 
in a path starting from the origin and ending at the highest Z displacement. The selection of the 
path is independent given the symmetry of the workspace along the Z-axis. A  maximum tilting 
error of 2.61 milliradians was found (see the evolution of the error in appendix B).    
3.4.7 Dynamic behavior 
To obtain the theoretical modal frequencies of the system, the forces at the end-effector are 
assumed to be zero and the dynamic equation of the system becomes: 
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This corresponds to the dynamics of a 3DOF harmonic oscillator. The eigenvalues of K will 
give us the mode-shapes of the system and the model frequency can be written as a function of the 
eigenvalues Λ𝑖 as: 
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Based on the design of the flexible elements and stiffness matrices for the systems (Eq. (3.19)) 
we get: 
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The modal directions are: 
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and, with a moving mass of 3.655 × 10−3mg, the frequencies for each modal directions are 
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Similar to reference [5], the modal directions and the diagonal structure of K result from the 
symmetry of the structure in the XY plane. Thus, theoretically any set of orthogonal directions in 
the plane are modal directions for vibrations. Also, because the out-of plane structure for each 
kinematic chain is the same, The Z direction becomes an eigenvector for the stage. In the real 
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system, due to fabrication errors, any mismatch of the stiffness of the three chains will result in 
the experimental observation of two very close modal frequencies corresponding to the in-plane 
modes.   
To verify the previous results, a finite element analysis (FEA) is carried to estimate the natural 
frequencies and mode shapes of the system. A 3D model is generated in AutoCAD and processed 
in Abaqus CAE10. To reduce the number of degrees-of-freedom and memory consumption, the 
truss-like structure of the moving parts are modeled as solid geometry and the extra mass 
introduced into the model is compensated for by reducing the material density to match the original 
                                                 
 
 
 
10 Abaqus/CAE by © Dassault Systèmes 
 
 
Figure 13. Mode shapes and their corresponding frequencies (without damping). 
 
 56 
 
mass. Due to the free standing nature of our system, it is necessary to verify the self-sagging of the 
stage through FEA. Sagging can lead to misalignment of the comb drives, additional stresses on 
the hinges and loss of motion in the manipulator. The simulation under the gravitational load 
showed a 52 nm deflection at the end effector. Fig. 13 shows the first six modes of the manipulator. 
The first three modes correspond to vibrations along the translational degrees-of-freedom while 
the last three modes are related to parasitic rotations of the end-effector. Mode 1 and 2 correspond 
to the in-plane degrees-of-freedom of the manipulator.  In mode 1, two of the actuators move in 
anti-phase while the third one stays stationary. In mode 2, two of the actuators move in phase and 
the third actuator moves in anti-phase with twice the amplitude. Mode 3 corresponds to the 
translation of the table along the Z- direction and, in this mode, all of the actuators oscillate in 
phase with the same amplitude. Also shown in Figure 8 are modes 4-6 that correspond to parasitic 
motions. It is also interesting to note that the least stiff parasitic mode is about 17 times stiffer that 
the stiffest desired compliance. The dimensional parameters of the stage (e.g. L1, L2, and α0) and 
the parameters of flexible elements obtained in this section are used in final design of the PK-
XYZ-MEMS stage, whose fabrication, characterization and control is reported in continuing work 
in collaboration with Koo [21].  
 
3.5 Conclusion  
This chapter has presented a detailed study and developed a design methodology for a parallel 
kinematics flexure-based SOI-MEMS stage with three translational DOF. This scheme is an 
adaptation to the parallel kinematics scheme presented in [4], to make implementation as a MEMS 
device feasible. The direct kinematics of the device is reduced to a six order polynomial equation. 
However, the solution of the inverse kinematics is simple and it is use throughout this paper to 
study the behavior of the manipulator. Expressions for the Jacobian matrices near the nominal 
configuration, relating end-effector position to deflection at different flexure elements, are 
calculated and insight into the behavior of the mechanism is drawn from the linearized version of 
the kinematics. Finally, the static and dynamic behavior of the manipulator was characterized using 
the Lagrange’s equation, and a closed form expression of the overall stiffness of the manipulator 
near the nominal configuration was developed.  
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The preceding analysis, along with designs of the individual components of the manipulator 
were integrated into a design approach for PK-XYZ-MEMS stages, demonstrating how the 
stiffness relations, constraints posed by the flexible elements and the actuators can be used 
determine key parameters and dimensions of a stage to meet different force amplification and 
spatial displacement requirements. The workspace of the stage is assessed from the kinematics 
equations and displacement constraints on the joints. The modes and model frequencies of the 
stage where calculated and verified using FEA simulations. Following research [21] discusses the 
fabrication, characterization and control of the stage. 
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CHAPTER 4: OPPORTUNITIES CREATED BY NEW 
MANUFACTURING TECHONOLOGIES 
 
Previous chapters introduced some of the key aspects of in the design of modern machine tools 
with a focus on the concept of design-for-manufacturing and its application to the design of 
machine tools at the microscale. This chapter extends the set of design-for-manufacturing 
strategies to take advance of new manufacturing and rapid prototyping technologies in the creation 
of machine tools and machine tool elements. A significant portion of this research involves the 
design of a new assembled flexible joint enabled by the combination of traditional and additive 
manufacturing processes. For this purpose, the mechanical aspects of compliant joints will be 
presented and mechanical models for the new introduced interactions will be proposed. Based on 
this joint, the design and fabrication of a four-bar mechanism for precision engineering 
applications, a flexible sensor for knot-tying and suturing training, and a laminated delta micro-
machine with potential applications in medical instrumentation and imaging will be presented as 
case studies of this methodology. 
4.1 Introduction 
Sophisticated industrial manufacturing techniques such as CNC milling, wire EDM, precision 
casting/molding and lithography-based fabrication are typically used for manufacturing micro- and 
mesoscale flexure-based electro-mechanical systems. These techniques have the advantages of 
producing robust machines with long life spans for applications ranging from miniature robots and 
micro and nanopositioning systems to force/displacement sensors and optical scanners and aligners 
[99]. The disadvantage of using these manufacturing technologies include high costs accruing from 
sophisticated tooling and highly-skilled labor, as well as long process and set up times. 
Additionally, the long set up and process times lead to slow design iterations and long development 
lead times. To alleviate these difficulties while achieving desired device performance and yields, 
2D manufacturing techniques such as laser cutting, water jet cutting, 2-D sheet-metal working (i.e., 
blanking and punching) and rapid prototyping manufacturing can be used to construct multilayered 
composites and hybrid machine elements. The multilayered composites can be judiciously to 
match the function attributed to that layer (e.g., layers producing out-of-plane compliance can be 
 59 
 
made of made of spring steel) and sandwiched/laminated and bonded (resistance welded or riveted) 
to other layers. The hybrid machine elements can be manufactured from i) economic methods like 
casting and molding (for high volume production) or 3-D printing (for custom, one-off systems) 
for manufacturing the element structures/skeletons and ii) 2D manufacturing techniques to produce 
inserts of simple geometry with specialized materials (e.g. spring steel, etc.) to get the right 
material properties where need it. This strategy allows compliance to be localized and distributed 
to support a desired geometric design.  
This chapter develops a design-for-fabrication methodology that exploits the simplicity of 2-
D manufacturing processes and the versatility of 3-D printing to create machine multilayered 
components and hybrid elements. With examples in the areas of nanopositioning and metrology, 
machines for reduced life applications, and devices with integrated functionality, this research 
demonstrated the capabilities of this methodology and the design rules to alleviate the effects of 
low accuracy, poor surface finishing, reductions in material properties, and thermal instability of 
components. 
4.2 Design and Fabrication of hybrid flexural pivots 
Recently, rapid prototyping technology (RP) has been proposed and implemented in the 
fabrication of cost-effective flexure-based mechanisms with complicated spatial structures ( [29] 
[30], [39], [77], and [100]). Some of the advantages of using rapid prototyping in the fabrication 
of flexure-based mechanisms are: quick product testing, ease-of-design iteration, elimination of 
design errors, workspace validation, evaluation of singular configurations and link interference 
determination. However, the reported limitations are dimensional accuracy, low quality surface 
finishing, anisotropic prosperities, thermal instability, holding force capabilities and severely 
reduced durability of the flexural elements as most rapid prototyped materials are unsuitable in 
fatigue loading is a particularly debilitating drawback. 
This research discusses the design-for-fabrication methodology of a new type flexural pivot. 
The new joint or “hybrid flexure” is created by breaking the geometry of a conventional flexure 
into a host and an insert [28]. This overcomes complexities of manufacturing monolithic flexural 
systems and aids the rapid prototyping of flexure-based mechanisms. Furthermore, finite element 
simulations are used to understand the mechanical behavior of these elements and to produce 
optimally design interfaces between their components. 
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4.2.1 Hybrid Flexure  
The hybrid flexural pivot is created by breaking the geometry of a monolithic flexure into a 
two-part host and an insert. The result is an assembled compliant joint designed to allow relative 
rotation between two, otherwise, disconnected parts. The inserts acts as a leaf springs and the 
relative rotation takes place through flexing. The host provides structural stiffness and a means of 
connecting the joint to a mechanism structure. Fig. 14 shows an example of a four-bar hybrid 
mechanism with hybrid flexural pivots.  
This methodology integrates a host material, produced by rapid prototyping, casting or 
molding, with a flexure material produced by wire EDM, water jet, laser cutting or metal sheet 
forming. The result is a much more easy to manufacture flexure with comparable mechanical 
behavior. Each of the traditional processes works well and the objective of this methodology is to 
make them work together to form a hybrid flexure. The underlying design idea is that only the 
insert needs to be made of a high-performance material and that a “mechanically sound” joint can 
be obtained if the geometries of the parts are properly design and the new interactions are 
accounted for.  
The manufacturing implications of relaxing the monolithic constraint are: 
i. the possibility of using economical methods11 to manufacture the host structures. For example, 
casting and molding for the case of high volume production or 3D printing for the case of 
custom, one-off systems with complex geometries, and 
                                                 
 
 
 
11 We envision that the manufacturing strategies and design guidelines in this research motivate the use of open technologies 
(software and hardware) in the construction of mesoscale electromechanical systems.  
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ii. having inserts of simple geometries and spatialized materials (e.g. spring steel) that are easy to 
manufacture using wire EDM, water jet or laser cutting. 
The design implications are:  
i. the possibly of creating complex, spatial machine tools for precision engineering, and  
ii. having a convenient way of designing microrobots (mesoscale electromechanical systems) 
with flexures. 
Ideally, flexing in the hybrid joints takes place about the midpoint of the flexural leaves 
attaching the two parts of the host [3]. Furthermore, the hybrid flexural pivots are designed to have 
constant stiffness, minimum parasitic motion and behave elastically throughout their range of 
motion. To guarantee these requirements, this methodology explores relevant mechanical 
quantities, such as pressure, stress, and strain energy, at the components and their interfaces. Finite 
element structural analysis is used to quantify these interactions. With this information, this 
research arrives to optimal dimension of the components and interfaces that result in beneficial 
distributions of these mechanical quantities.   
Even though the design of conventional flexure hinges is not in the scope of this work, the 
background section (Sec 2.2.3) presents a brief description of the pin-joint model [52] as a first 
design approach for the dimensions and stiffness of flexural pivots. 
 
Figure 14. A Four-bar hybrid mechanism with hybrid flexural pivots 
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4.2.2 Mechanics of hybrid flexural pivots  
To study the mechanics of hybrid flexural pivots and, particularly, the mechanics at the hybrid 
interfaces, we use the simplified plain-elasticity model in figure 15. This abstraction is valid under 
the assumptions of symmetry in the joints, the host material been widely distributed around the 
interfaces, i.e. R>>d + l, and, finally, no apparent variation of geometry in the out-of-plain 
direction. These assumptions guarantee that high magnitudes in the stresses and strain-energy 
fields are confined near the interfaces between the flexures and the host material and, therefore, 
the following study can focus on the detailed design of these interfaces.  
The geometrical parameters of the simplified model are the thickness of the insert t, the 
effective length of the flexure l, the reacting force F at the interface due to the action of the 
actuation torque T, the width of the flexure w, and the penetration distance of the insert into the 
host material d. Ehost and Eflexure are the elastic modules of the host and the flexure materials 
respectively. 
The basic idea a to use this simplified model to track mechanical variables such as stress, 
pressure and energy distribution between the components of the flexures and contact pairs to find 
geometries of the host/flexure interfaces that minimize the amount of elastic work done by the host 
material with respect to the flexures. For this purpose, we define the optimum penetration depth 
dopt as the insertion distance of the flexure into the host material distance when the elastic work 
done by the host material is minimized with respect to the flexure. To make the result of our 
analysis scalable, we define the following normalizing quantities. 
 
Figure 15. Hybrid flexure simplified model 
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4.2.3 Average opening pressure at the interface 
This average opening pressure results from evenly distributing the reaction force F, due to the 
external torque T, along the contact area of the interface. This quantity is mathematically defined 
as 
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4.2.4 Strain energy in an equivalent monolithic flexure 
This quantity represents the elastic energy that would be stored in a monolithic flexural pivot 
of same dimension and subjected to the same loading torque T. The mathematical expression for 
the expression for the strain energy in an equivalent monolithic flexure can be obtain with the help 
of the stiffness relations in Eq. (2.1) and is computed as 
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Now that we have identified a set of mechanical quantities and normalizing factors to study 
the performance of different interfaces, we are ready to use parametric FEM (finite element 
method) structural analysis to obtain numerical values of the stress and energy field in our hybrid 
flexure. 
4.2.5 Finite element model 
Our FEA model is a two-dimensional computer implementation of the simplified model shown 
in figure 3. In this model, the hybrid flexural pivot is under the action of a counter-clock wise 
torque applied to one of its rigid ends and held fixed by the other one. The structural simulations 
were implemented in Abacus CAE as a plain elastic problem with constant thickness w and hard 
contact interactions at the interfaces formed by the polymer and the metallic elements.  
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Typically, with this types of model and materials, the interfaces have high stress concentration 
points. This concentration causes lots of undesired deformation resulting in parasitic motions or 
the introduction of extra compliance in the flexure. Fig. 16 shows the Von Mises stress field 
isocontours in the host material normalized by the average pressure at the interface. In this graph, 
the x and y coordinates are also normalized by the penetration distance d. The Von Mises stress 
field reveals that the stress concentrators can be as high as twenty times the average stress at the 
interface and, further, that there exist two main mechanisms of stress concentration, namely, the 
localized contact pressure between the flexures and the host structures at opposite sides of the 
interface and the stress distribution at the tip of the notch resulting from the opening of the groove. 
High concentrations of stresses at the interface (in the side of the host material) results in 
significant amounts of undesired extra-compliance of the pivot.  
Although the previous FEA simulations demonstrated the challenges associated when 
designing around this types of interactions, a more detailed study is required to find the geometry 
that optimizes the structural behavior of this hybrid couple. For this purpose, the following section 
used parametric FEA to understand the influence of the effective flexural length l, the thickness of 
the flexures t, and the selection of materials in the proper selection of the optimum penetration 
depth dopt. 
 
Figure 16. Von Mises stress field isocontours in the host material 
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4.2.6 Parametric FEA simulations 
To motivate the concept of optimum penetration depth, let us device a computational 
experiment in which the strain energy in the host material and the flexures is plotted for increasing 
penetration depths. The parameters for the simulation are t = 0.254 mm, l =5mm and Ehost /Eflexure  
= 69 12. To present the results of this experiments, we define Uhost to be the total strain energy 
stored in the host material. In the same way, Uflexure is the strain energy stored in the flexures and, 
finally, U is the total strain energy in the hybrid flexure. These quantities can be obtained by 
integration of the strain-energy density fields in the individual domains of the FEA model. Further, 
we recall U∞, from our previous discussion (See Eq. (4.2)), to be the total strain energy in an 
equivalent monolithic flexure. Figure 17 shows the result of this experiments in two different plots. 
The first plot shows the ratio of the strain energy in the insert to the strain energy in the host, for 
increasing penetrations. The second plot shows the ratio of total strain energy stored in the hybrid 
flexure to the strain energy store in an equivalent monolithic flexure. While the former describes 
the energy distribution in the different components of the joint, the latter describes how much 
elastic energy is stored in the hybrid flexure compared to one made of a single material. This relates 
                                                 
 
 
 
12 This selection of parameters correspond to the case of an ABS host material and a steel flexure   
 
Figure 17. Strain energy distribution as a function of the ration d/l. 
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to the extra-compliance created by the introduction of a host material and the contact interaction. 
It is observed from this study that for penetration distances grater that 20% of the effective length 
of the flexure, the total elastic energy stored in the hybrid pivot is constant and further increasing 
the penetration distance would only change its distribution between the components.  At this point, 
it is easy to identify that the optimum penetration depth occurs when the penetration distance is 
50% of the effective length of the flexure and that for this interface geometry selection the flexure 
component work around twenty times harder than the host. At higher penetration depths (d / l >> 
0.5), the compliance of the notch structure becomes relevant resulting in a higher value of strain 
energy stored in the host material. 
This preliminary example demonstrated the existence of an optimum penetration distance and 
elucidated its importance as design criteria to produce hybrid interfaces with minimum the 
undesired interactions.  However, the influence of effective flexural length l, the thickness of the 
flexures t, and the selection of materials in the calculation of the optimum penetration depth dopt 
still unexplored. To address this questions, in the following subsection, we will add complexity to 
our analysis by allowing this parameters (l, t, Ehost /Eflexure ) to vary in addition to the variation in 
the penetration depth.  
4.2.7 Optimum penetration distance as a function of the flexure effective length 
In this parametric study, we start by allowing the penetration distance to vary, from 0.5 mm to 
4mm, at a flexure length of 3.3 mm and repeat this process for increasing lengths up to 8 mm. The 
model parameters t = 0.254 mm and Ehost /Eflexure  = 69 are held constant throughout the simulations. 
 
Figure 18. Optimum penetration distance vs. flexure length 
 
 67 
 
Figure 18 shows the results of the parametric analysis.  We use the left vertical axis to plot the 
ratio of the strain energy in the insert to the strain energy in the host, for different flexure length 
and increasing penetrations. In the same manner, we use the right vertical axis to plot the ratio of 
total strain energy stored in the hybrid flexure to the strain energy store in an equivalent monolithic 
flexure. Much like in our previous experiment (section 4.2.6), we identify the existence of an 
optimal penetration depth at a distance d = 2.2 mm, for the selected model parameters, regardless 
the length of the flexures.   
From the graph, it can be observed that high flexural lengths result in more beneficial 
distributions of elastic energy in the hybrid joints and, more importantly, they result in overall 
elastic properties that resemble more closely those ones of a monolithically fabricated flexural 
pivot. The intuition for this can be found in the fact that the lateral stiffness in the flexure decreases 
with the cube of its length and, therefore, as the length of these insert increases, their compliance 
becomes dominant in the system which is an ideal situation. 
4.2.8 Optimum penetration distance as a function of the flexure thickness 
In this section, we want to understand the influence of the thickness of the flexure in the 
computation of optimum penetration depth. To capture this effect, we allow the penetration 
distance to change for an initial value of 0.5 mm to a final value of 4 mm, at a flexure thickness of 
125 µm and repeat this process for increasing lengths up to 360 µm. In this set of simulation, the 
length of the flexure and the ration of elastic modules of the host to the flexure materials are kept 
constant at values of 5mm and 69 respectively.   
 
Figure 19. Optimum penetration distance vs. flexure thickness 
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Figure 19 (left) uses the left vertical axis to plot the ratio of the strain energy in the insert to 
the strain energy in the host and the right vertical axis to plot the ratio of total strain energy stored 
in the hybrid flexure to the strain energy store in an equivalent monolithic flexure. From the results 
of this simulations we observe that the optimal penetration depth is a function of the thickness of 
the flexure, particularly, the penetration distance should increase for thicker flexures. It can also 
be concluded that thinner flexures correspond to more beneficial distributions and flexures that 
resemble more closely their monolithically fabricated counterparts. This can be explain form the 
fact that thinner flexures have increased compliance; as the compliance of this elements becomes 
dominant in the system, more energy is store in elastic flexing than deformation of the host 
material.  
At this point, we have identified the optimal penetration depth on the flexures thickness. To 
get a better idea on which type of dependence, figure 19 (right) shows the energy distribution in 
the joint as a function of the dimensionless quantity t/d. From this graph, it becomes clear that the 
optimum penetration distance varies linearly with the thickness of the flexure and that it must be 
around ten times the thickness of the flexure for the selection of materials in this simulation. 
4.2.9 Optimum penetration distance as a function of the material properties 
Now that we know that the optimum penetration depth is a function of the thickness of the 
material, we move forward to study its dependence on the selection of materials in the hybrid 
flexures. In this final set of simulations, we allow the penetration distance to vary form 0.5 mm to 
 
Figure 20. Optimum penetration distance vs. young modulus ratio 
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4 mm at a starting ratio of elastic modulus of the materials of 17 (this corresponds to the case of a 
host made of aluminum and flexures made of steel) and repeat this process for increasing young 
module rations up to 150.  
Figure 20 (left) shows that the optimal penetration depth is also a function of the Young 
modulus ration of the materials in the hybrid flexure. Namely, less penetration depth is required 
as the host material becomes stronger. The hybrid flexures act more like monolithically fabricated 
flexures and have a more beneficial distribution of strain energy for stronger host materials. Figure 
20 (right) presents the elastic energy distribution in the hybrid joint as a function of the 
dimensionless quantity t/d for different selections of materials. From this graph, it can be observed 
that the optimum penetration depth is a continuous function of the selection of materials in the 
flexure and that as the properties of the host materials approach the properties of the flexure, the 
constraint of the penetration distance been ten time the thickness of the flexure gets relaxed.  
4.2.10 Result of the parametric finite element model 
From a designing perspective, the thickness of the flexure, length and the selection of materials 
are independent of whether the flexure is manufactured using a conventional or a hybrid fashion. 
These parameters are determined by application requirements such as range of motion, bandwidth, 
stiffness and shape factor and they can be obtained from standard relations available in the 
literature [2, 3] . In this methodology work, the design problem is stated as:  given the basic flexure 
geometry and its materials, find the optimal penetration distance that minimizes the unwanted 
 
Figure 21. Non-dimensional relation to find the optimum penetration distance dopt 
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mechanical interactions.  To address this problem, we construct the non-dimensional relation 
𝑡 𝑑𝑜𝑝𝑡 = 𝜑(𝐸𝑓𝑙𝑒𝑥 𝐸ℎ𝑜𝑠𝑡⁄ )⁄  by combining the previously identified data on the behavior of optimum 
penetration depth as a function of the thickness of the flexures and the selection of materials. Figure 
21 shows the relation between the ratio of materials elastic module with respect to the 
nondimensional number t/dopt. For example, in the case of an aluminum host and steel inserts the 
optimum penetration distance is six times the thickness of the insert whereas in the case of an ABS 
structure and steel inserts, the optimum penetration desistance is ten times greater than the insert 
thickness. 
So far, our discussion has focus on the problem of finding the optimum penetration distance 
for a hybrid flexural pivot where the flexure is clamped at its ends by the horst material. The 
following section explores the idea of evolution of contact pressure at the interface followed by its 
delamination. Additional considerations to minimize undesired interactions in the interface are 
arrived by studding the contact stresses for increasing loading conditions.  
4.2.11 Interface fit analysis 
In a typical loading situation (see Fig. 22), a torque T is applied to one of the ends of the pivot 
while the other one is held fixed. The action of this torque is transmitted to bending of the flexure 
by means of the force couple F. In an ideal case, these forces are evenly, or at least gradually 
distributed along the area of contact. However, in the absence of contact pressure, the reacting 
 
Figure 22. Evolution of the normalized pressure interface 
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forces are localized at opposite sides of the interface giving rise to high stress concentrations that, 
in turn, change the load-deflection behavior of the flexure.  
An interference fit can be applied to keep the interface in contact (for a designed range of 
motion), and attenuate the stress concentrations. To generalize the results in our computational 
model, we define the preload stress as the normalizing stress required to open the clamp, in the 
host material, a distance δ. The preload stress can be computed, from elasticity theory, as 
 1 2
2
4 (1 )
hostE
d v

 

  (4.3) 
Where d is the penetration distance and v is the Poisson ratio of the host material.  In this 
analysis, we also use the normalizing flexing stress (previously defines as the average pressure at 
the interface in section 4.2.3) defined as 
 
2 22
T
d w
     (4.4) 
To capture the interference fit effect in our computational model, we brake the boundary 
conditions of the problem in two steps and use superposition principle. This assumption is valid 
for small deformations of the flexure. Figure 10 (left) shows the basic steps in the simulation. First, 
the interference δ is defined (step 1) as a mismatch between the flexure thickness and the initial 
opening of the interface. This interference causes a preload stress distribution in both materials 
(step 2). Finally, the boundary condition corresponding to the external torque is imposed to the 
system resulting in a flexing stress distribution. The total intensity of this two fields can be 
estimated by the total average stress defined as 
 
1 2        (4.5) 
Figure 22 presents the evolution of the normalized pressure at interface (normalized the by 
total average stress) for different rations of preload stress to flexing stress. Initially, a preloading 
condition exists and the flexing stresses are zero. This corresponds to the case
1 2/     . At 
this point, the pressure distributions on the top and button surfaces of the interface are symmetrical. 
The pressure profile at one on the sides of the interface attenuates while the other intensifies as the 
external torque is allowed to gradually increase. Our simulations show that delamination might 
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take place when the intensity of the flexing stress reaches a value of around five times the intensity 
of the preload one.  
The previous analysis provides a systematic way to calculate the required amount of 
interference for a required rotation of the flexure. However, this study is incomplete in the sense 
that it disregards the elastic limits of the host material and, therefore, it cannot be used as failure 
criteria.  
4.2.12 Fracture mechanics-based failure criteria for flexural pivots 
 In this section, we propose a fracture mechanics approach to formulate failure criteria for our 
hybrid flexural pivots. Such approach is valid for the case where the localized contact stresses are 
well attenuated by the selection of a proper penetration depth and interference fit (sections 4.2.10 
to 4.2.11) and, thus, the mechanism of failure becomes the stress distribution at the tip of the notch 
that results from the opening the clamp. To illustrate this concept, we use our computational model 
to extract the different normal stresses and normalized them by the average pressure at the 
interface. Figure 11 shows the result of these simulations. To validate the assumption of having 
stress distributions similar to that encounter in fracture, we recall the definition of stress intensity 
factor KI in polar coordinates  
 ( )
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Figure 23. Normalized normal stress near the tip of the opening 
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Where σyy is the normal stress in the vertical direction and fyy is a dimensionless quantity that 
varies with the geometry. Further, fyy is equal to one along the horizontal axis. Also, from the Irwin 
definition of stress intensity factor, we have 
 IK d    (4.7) 
Where σ∞ is the amplitude of the stresses applied to open the crack or in our case, the average 
opening pressure at the interface. The theoretical normalized value of σyy is obtained by taking the 
ration between equations (4.6) and (4.7) as 
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Figure 23 also shows the Irwin theoretical values for the normalized σyy stress as a dotted line. 
It can be observed, from the graph, that this distribution is fairly close to the one obtained 
numerically using finite element simulations. This verifies our previous assumption of having a 
fracture stress distribution near to the tip of the opening.  This result provides the opportunity of 
using the Irwin definition of stress intensity factor in Eq. (4.7) as a failure criteria for our hybrid 
flexures. Here, the underlying idea is to experimentally identify values limiting values of KI for 
different set of materials and dimensions of the interface. 
4.2.13 Manufacturing of hybrid flexures 
This section introduces some of the manufacturing aspects and challenges encounter in the 
fabrication of hybrid flexures. Because of their easiness of implementation and ability to create 
 
Figure 24. Example of a sliced part properly oriented 
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freeform structures, Stereo Lithography Apparatus (SLA) and Direct Metal Laser Sintering 
(DMLS) rapid prototyping technologies are chosen to exemplify this methodology. However, the 
fabrication aspects in this work can be applied to more scalable manufacturing technologies with 
higher process capabilities such as molding or casting of materials like polymers and metals. 
The mechanical properties of the host structures, along different directions, result from the 
orientation of the deposited layers in the 3D printing process. The host structures must be properly 
oriented, with respect to the direction of deposition, to obtain the layer configuration that 
maximizes strength in the contact interfaces along the direction that opposes the bending of the 
inserts. Figure 24 shows an adaptation of a cross-axis flexural pivot for fabrication, using the 
ViperTM SLA system. The CAD model has been oriented, in the planning environment, to obtain 
deposition layers parallel to the axis of rotation of the flexure. This results in increased strength of 
the host material structures in the directions of the forces transmitted by the inserts.  
Figure 25 shows the fabrication of a hybrid flexural pivot with the ViperTM SLA system. 
Figure 25 (a) shows the flexure assembly before releasing the sacrificial tabs. The peg holes 
facilitate the insertion of the spring steel inserts and provide a way of securing them after the 
assembly. A close up on figure 25 (b) is used to approximate the surface roughness at the contact 
 
Figure 25. Fabrication of a hybrid-cross-axis flexural pivot with the ViperTM SLA system  
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interface. Matlab13 was used to tack the contour of the interface profile. Table 1 reports the main 
roughness parameters. 
Layer thicknesses of 25 µm (in high-resolution mode) resulted in peak height and height 
profiles of around three µm. For this reason, is difficult to achieve smooth-vertical surfaces with 
repeatable interference distances (between the insert and the host parts).  Nevertheless, this should 
not discourage the use of rapid prototyping technologies in this type of application. The design 
principles of this thesis work can be mapped to the growing Direct Metal Laser Sintering (DMLS) 
technology, which has the potential of producing stronger and denser parts that would allow for 
tighter interference clearances corresponding to better control of contact pressures at the insert-
host interfaces. 
To produce functional hybrid joints, a trial error experiment was device in which previously 
cut metallic leaf springs were inserted into different printed structures. In these experiments, we 
used the SLA materials water clear Ultra 10122 and ProtGenTM O-XT 18420. Although, the parts 
made of water clear Ultra10122 exhibited better dimensional accuracy, the ProtGen is a more 
suitable choice for this application due to its higher toughness.  The trial and error process resulted 
in interference clearances of 50 µm.  
                                                 
 
 
 
13 Matlab © The MathWorks, Inc.   
Table 1 
Deflection data for beams under vertical loading 
 
Parameter Description Value 
P Pixel size 0.5  µm 
Ra Arithmetical mean deviation 6.7 E-5 µm 
Rq Root mean squared 0.6974 µm 
Rv Maximum peak height 2.1726 µm   
Rp Maximum height profile 3.54  µm 
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4.2.14 Assembly and testing of hybrid flexures 
The assembly of the joint is achieved by manual press fitting of the inserts, with vertical forces 
around 2.5 Kg. The dimensional accuracy and surface finish of the mating surfaces are important 
fabrication considerations that pose challenges to the SLA process. Different alternatives for the 
assemblage of the flexures (host and inserts) including the use of screws, epoxy adhesives, and 
interlocking geometries can be used to obtain proper contact without relying on the accuracy of 
the manufacturing processes.  
Figure 26 shows the fabrication of SLA ABS-steel (Fig. 6(a)) and DMLS steel-steel hybrid 
(Fig. 6(b)) flexures. Miniature screws clamp the inserts to the host structures. Both joints have 
outside diameters of 9mm, ideal for micro-robotic applications. Figure 26 (a) shows the load-
displacement characteristics of the ABS-steel flexure. In this experiment, incremental weights 
ranging from 1g to 20g were sequentially attached to the free end of the flexure. The values of 
deflection were extracted by capturing images, at the corresponding equilibrium configurations, 
 
Figure 26. Assembly and test of hybrid flexures. 
(a) ABS-steel and (b) Steel-steel hybrid flexures. (c) Load-displacement characteristics of hybrid flexures. (d)  
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with a pixel resolution of 10 µm. The measured data was post-processed using image software to 
correct for the registration issues in the setup. It can be seen from the graph that the flexure stiffness 
starts at a value close to 0.1375 N.m/rad and increases, with the twist angle, to a value of 
0.5913Nm/rad. The change in stiffness suggests the existence of backlash between the insert and 
the host structure. This can be attributed to low tolerance control in the SLA process. The play in 
the joint prevents the inserts to fully contact the host surfaces at the early stages of motion.  
In a similar experiment, a servo system with cables was used to drive the free end of the steel-
steel flexure back and forth in a loop (Fig. 26(d)). The experiment shows linear behavior of the 
flexure between -40º and 40º and negligible hysteresis or plastic deformation.    
4.3 Design and Fabrication of prototyped mechanism using hybrid flexural pivots 
The previous discussion stated the relevance of investigating new design-for-fabrication 
strategies for the creation of new types of machines with the use new manufacturing technologies. 
Particularly, it presented the design-for-fabrication of a new type flexural pivot that combined the 
advantages of rapid-prototyping and 2D manufacturing processes. This section proposes the 
integration of hybrid flexures with mechanism structures/skeletons to produced rapid-prototyped 
mechanism. These structured can be produced with economic methods like casting/molding or 
with rapid-prototyping.  
In the proposed fabrication process, the links arrangement is prototyped as a monolithic piece, 
held together by sacrificial structures or tabs (Figs 25 (a) and 27).  The tabs maintain the 
registration and alignment of the features as per the manufacturing process, during and after the 
assembly of the inserts. The metallic leafs are press-fitted into place to complete hybrid flexural 
 
Figure 27. Assembly of bars using tabs 
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pivot assembly. The hybrid pivots allow for relative rotations between the different links of the 
mechanism. Finally, the holding or sacrificial tabs are snapped off and the devices are ready for 
operation. This methodology combines the ability and effectiveness of Rapid Prototyping in 
economically creating complicated spatial structures with the superior mechanical properties of 
metallic inserts, necessary for the flexural components. This provides numerous advantages for 
the design of precision motion systems such as: (a) rapid and affordable customization, (b) rapid 
fabrication, (c) time and cost saving, and (d) design of flexural systems that are suitable for light-
weight applications. 
4.4 Case study: Piezoelectric actuated 4-bar mechanism 
This section offers an example in the area of flexure-based mechanism for nanopositioning. 
Particularly, it demonstrates a 4-bar compliant mechanism for single degree-of-freedom 
nanopositioning. The area of nanopositioning was chosen as it is intimately related with some of 
the research topics in our laboratory and because it demonstrating the versatility, rapidness and 
performance of this design approach. 
Figure 28 shows the parallelogram four-bar mechanism embedded, with hybrid flexural pivot 
joints. Piezoelectric actuation was chosen because of size, bandwidth and force capabilities. For 
the sake of compactness, the actuator is assembled inside the parallelogram with the line of 
actuation forming an angle of 45 degrees with the crank of the mechanism. To avoid bending 
torques, the actuator is mounted between two flexural pivots attached to the crank and to the base 
of the device. The mechanism consists of six flexural pivots each of them with a pair of cross axis 
metallic leaf springs.  
 
Figure 28. CAD model and (b) prototype of piezoelectric actuated mechanism 
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The chosen actuator is a CEDRAT APA40, with free stroke 52 µm, blocking force of 194N 
and a maximum driving voltage of 150V. The chosen dimensions for the crank and follower are 
45 mm. The end effector has a total displacement of 28 µm corresponding to a rotational range of 
the hinges of 0.04 degrees. For this ranges of angular displacement, the loss of parasitic motion in 
the vertical direction are 1.12 nanometer and the change in angular stiffness of the hybrid joints is 
negligible. Capacitive sensors (Probe 2805 and Gauging Module 4810 ADE Technologies) are 
used to capture the motion of the end effector. The target for the capacitive sensor is a polished 
aluminum plate mounted to the couplers bar of the four bar mechanism. 
4.4.1 Static response  
To study the static behavior of the device, the input voltage to the actuator was sequentially 
ramped up at increasing values, from 0 volts to 120 volts in increments of 10 V, and plotted against 
the end-effector motion, observed by the capacitive sensor. The signal was generated at a low 
frequency (0.015 Hz) to rule out the dynamic effects. The results of this experiment are reported 
in Fig. 29. For the small angular displacement of the hybrid pivots, the hysteresis and loss of 
motion in the system are due to the piezoelectric actuator rather than the mechanical response of 
the structure. This hypothesis was validated by carrying out the same experiment with the 
piezoelectric actuator disengaged from the mechanism.  
4.4.2 Dynamic response  
To capture the dynamics of the system, a step input of 1 volt was introduced to the actuator 
while the capacitive sensor recorded the position of the end-effector. Fig. 30 shows the step 
 
Figure 29. Voltage-displacement plots for piezoelectric actuated mechanism 
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response of the system. The identified damped natural frequency for the system is 140 Hz. To gain 
further understanding of the dynamics of the system, the Bode plot of the open-loop response was 
generated using a dynamic signal analyzer. Figure 31 shows the amplitude and phase diagrams 
when the input frequency is sweep between the values of 5 Hz and 1000 Hz near to the equilibrium 
point, at a constant amplitude of 4 V. The experimental data shows that the damped resonant 
frequency of the system is consistent with the 140 Hz of damped natural frequency obtained from 
the step response. The frequency response also indicates that the open-loop bandwidth of the 
system is 50 Hz as the gain and the phase lag of the system remain constant below this value. A 
transfer function of the system was identified using both the experimental step input and frequency 
response as: 
 
Figure 30. Step response of piezoelectric actuated 4-bar mechanism 
 
 
 
   
  
 
 
Figure 31. Frequency response of piezoelectric actuated 4bar mechanism 
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The zeros in the system account for the hysteretic behavior of the piezoelectric actuator. The 
experimental and identified step responses of the system are shown in Fig. 30.  
4.4.3 Closed-loop tracing performance  
Position tracking performance is a central characteristic for micro positioning systems. For this 
reason, a PI controller was designed, based on the experimental observation of the system, to test 
the performance of the prototyped mechanism. To design the controller, the proportional action in 
this controller was tuned to be dominant while the integral action was used to refine the tracking 
performance. The controls of the device were implemented on D-space motion controller. Fig. 32 
shows the close loop scheme for the PI controller. To test the controller, sine waves of different 
frequencies were generated with the D-space controller and used as reference signals. The reading 
form the capacitive sensor was used as feedback and the error between the reference and sensing 
signals was used as the input to the PI controller. A data-acquisition system (DAC) system and a 
CEDRAT14 amplifier were used to convert the controller output signal to the piezoelectric actuator 
input voltage and to digitalize the reading from the capacitive sensor back to the controller. 
Tracking tests were conducted by driving the mechanism along a sinusoidal trajectory with an 
                                                 
 
 
 
14 CEDRAT © Altair Engineering, Inc.  
 
Figure 32. Closed-loop control scheme 
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amplitude of 5 um an top speeds ranging from 0 to 80 um/s. Fig. 33 shows the time response of 
the system at a driven speed of 80  µm/s . The results of the sinusoidal tracking test are summarized 
in table 2. The maximum tracking error at 80 um/s is less than 180 nm and the average contouring 
error is less than 50 nm.  
 
4.5 Case study: Design and manufacture of a flexure-based XYZ-force sensor 
This section presents the design, fabrication and test of a miniaturized flexure-based XYZ 
sensor for force sensing. This is a second example of rapid-prototyped mechanism with hybrid 
flexures. The sensor is proposed for applications such as knot tying and suturing training, 
microassembly, and micromachining force feedback. With a small form factor, this device fits in 
a cube of 1 in side and has a force sensing range of 2N in the negative and positive directions. The 
design consists of a compact nested structure that integrates steel-inserts, aluminum stiffening 
elements and 3D-printed components in a manufacturing architecture that simplifies the otherwise 
complex construction of the device. Additionally, this section presents a knot-tying test showing 
Table 2 
Sinusoidal tracking results 
 
Max Speed ( µm/s) Max error (nm) Average error (mm) 
20 32.6 17.8 
40 164.1 19.1 
80 169.4 38.2 
160 176.4 42.7 
 
Figure 33. 4-bar mechanism tracking performance 
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the capabilities of this system to quantify the magnitude of the forces as well as provide 
information on the quality of the motions generated. 
4.5.1 Background in knot-tying and suturing 
Knot-tying and suturing are fundamental skills that require a level of coordination used by 
surgeons and other medical professionals. Traditionally, these technical abilities are gained 
through practice during and after training. However, assessment of the quality of these tasks has 
always been subjective. Innovation in the knot-tying area is crucial to reduce training times and 
achieve higher knot quality as it is known that the improperly tied knots can cause tissue damage 
and other expensive complications.  
Currently, training is completed on a mechanical tie board [101], measuring the tension in the 
threads or assessing the forces and opening angle in the  surgical forceps by mounting strain gauges 
and optical sensors [102]. This is valid to find maximum allowed forces (usually between 0.3N 
and 2.5 N) and the state of stress of the tissue. Alternative approaches include the creation of suture 
training platforms by embedding photo interrupter sensors into artificial skins [103] [104] and the 
use of computer graphics and virtual reality [105]. All these approaches lack of information about 
the directionality of the forces; this is of particular importance when using the quality of the motion 
as evaluation criteria. 
Spring-based force sensors and mechanism with optical sensing have been demonstrated to 
measure the forces and displacements applied on artificial tissue by surgical instruments in two 
[106] and three degrees-of-freedom (DOF) [107]. The forces required to move this stages along 
the DOF depends on the adjustable stiffness of this structures. Unfortunately, some of this designs 
have coupled kinematics and large footprints making it difficult to mount them in training setups 
that resemble the suturing environments.  
This subchapter describes the development of a novel xyz-force sensor proposed for knot-tying 
and suturing training that implements a nested arrangement of flexures. Flexure technology allows 
to accurately acute the magnitude, directionality and time evolution of the forces while the nested 
structure provides a kinematic frame to map the forces felt by the sensor into decoupled 
translational motions that are easily captured. With a force detection range of 2000 mN, this 
electromechanical system fits in a cube of one inch on the side and can be used to read the forces 
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involved in the suturing process or any other microassembly task. The design of the sensor is new 
compared to the current state of commercial and research devices as it uses flexure hinges, is 
compact, has high sensitivity, decoupled sensing modes and it is easily embeddable in different 
environments without perturbing the measurements. The design theory and fabrication of the 
sensor are discussed first, followed by the experimental load-voltage calibration of the device with 
the help of an embedded kinematic mount. Finally, knot-tying test is presented to show the sensor 
performance in knot-tying arena. 
4.5.2 Kinematic scheme and design 
The kinematic scheme for the flexure-based XYZ sensor consists of a compact nested structure 
resulting from integrating the X–stage into the Y-stage that is, at the same time, embedded into the 
outer-most Z stage. Figure 34 shows the detailed design of the sensor. Figs 34(a) - 34(c) show the 
sequential assembly of the stages while Fig. 34(d) shows t he final design of the sensor. Each of 
the stages is composed by a set of leaf-springs arranged into parallelogram 4-bar mechanisms that 
are designed in such a manner that that their connector undergoes pure translation. Initially, each 
stage moves in a direction that is orthogonal to the others. The sensing mechanism consists of 
 
Figure 34. XYZ force sensor nested structure.  
The Z- stage (a) carries the Y-stage (b) which, in turn, carries the X-stage (c). (d) Completed sensor 
 
 
 
 
 
  
 85 
 
strain gauges mounted on the flexures of each stage. The gauges relate the forces applied to stages 
to the deflection in the leaf springs.  
 The sensor operates under a pure translational scheme and relies on the principle that a force 
acting on the moving plate can be decomposed into a unique combination of motions of the stages. 
Each stage consists of a beam-type translational joint with multiple flexures. The beam-type 
translational joint constraints the extra degrees-of-freedom by the parallel arrangement of two or 
four identical beams that form an equivalent four-bar mechanism. The parallel four-bar mechanism 
allows pure translational motion on a curvilinear trajectory.  In this architecture, the Z-stage is a 
four-beam flexure-type translational joint while the X and Y stages are two-beam type translational 
joints. This consideration facilitates the nesting of the Y and X axes into the Z-axis. The form-
factor of our design was conceived by dividing the shell of a cube into identical L-shape brackets 
and interconnecting them via flexural springs. The end-effector and the moving plate are the result 
of further splitting one of the L-shape parts into two perpendicular plates.  
The XYZ-force sensor was designed to measure forces in the ranges of the stitching and 
suturing processes (between -2N and 2N). This translates to the problem of finding leaf-spring 
dimensions where these forces produce elastic strains. The material for the leaf springs is spring 
steel and the flexures of each stage are designed to have the similar combined static-stiffness. This 
is achieved by adjusting the width and the thickness of the flexures of the individual stages. The 
stiffness of a clamped-clamped beam along the direction of motion Kd and the lateral direction Kl 
can be expressed, from elementary beam theory, as: 
Table 1 
Deflection data for beams under vertical loading 
 X- axis Y-axis Z-axis 
N˚ of flexures 2 2 4 
w 5.21 mm 5.21 mm 3.16 mm 
h 400 µm 400 µm 381 µm 
L 18 mm 18 mm 18 mm 
Kd 2.85 N/mm 2.85 N/mm 1.5 N/mm 
δmax 0.675mm 0.675 mm 0.7 mm 
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where E is the elastic module of steel (200 GPa), L is the length of the flexures, h is the thickness 
(commercial thickness of spring-steel sheet stock) and w is the width. The chosen dimensions for 
the leaf-springs and their stiffness properties are listed in table 1. Even though all stages have 
comparable stiffness along their direction of motion, their dynamic responses are different because 
they carry different masses. Particularly, the Z-axis carries both the X and Y-stages and thus, its 
natural response is slower. The same applies for the Y-stage relative to the X-stage. Table 1, also 
lists the values of the maximum displacement of each stage δmax. This value, determines the gap 
required between the crossing leaf-springs of any pair of axes to avoid self-collision. Ideally, the 
separation between the leaf- springs of a single axis should be kept as large as possible to avoid 
unwanted rotations.  
4.5.3 Fabrication  
The fabrication of the sensor is achieved by the integration of steel-spring inserts, aluminum 
stiffening elements and plastic clamping components, thus, combining the rapid and affordable 
customization of the plastic components with the higher mechanical properties of metallic inserts. 
Figure 35 shows the attachment of the leaf springs to the stiffening plates by means of 3D printed 
plastic clamps. This consideration permits to split the fabrication process in the 2D manufacture 
of simple geometries (leaf-springs and stiffening brackets and plates), and 3D printing of one-off 
complex geometries (the plastic clamps). 
 
Figure 35. A computer rendered detailed view of the sensor 
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The leaf-springs are manufactured by water-jet cutting of spring-steel that produced sharp 
contours and well defined clamping holes of 1mm diameter. To produce the L-brackets, an off-
the-shelf aluminum profile was transversally cut into the different parts, each of them drilled with 
attachment holes. The L-brackets connect the different stages by twisting the direction of motion 
of the flexures and they provide structural stiffness to the sensor. Two extra-stiffening plates are 
cut: the fixed plate- which houses a kinematic mount for the attachment of the sensor- and the 
moving plate. An extra set of holes are threaded in the moving plate to mount spatialized training 
tools. 
The kinematic mount consists of a split groove kinematic coupling with 90˚ symmetry. Four 
spheres are attached to the fixed plate of the sensor providing the contact points of the mount. The 
sensor is locked in place to the mounting fixture by the action on 5 neodymium magnets arranged 
in a cross-pattern between the corner spheres. The mounting fixture has a corresponding array of 
magnets and a set of four precision carbide V-Groove pads. The kinematic mount is particularly 
useful in providing repeatability and a mean to attach the sensor to the mounting fixture at different 
orientations needed for calibration.  Finally, the plastic clamps are 3D printed in a Viper SLA 
system® with layer thickness of 25 µm. The plastic clamps are printed with hexagonal holes to 
facilitate the assembly of the miniature nuts; they form the inner shell of the sensor by holding the 
flexure skeleton before the final assembly. Photographs of a completed sensor with the kinematic 
mount for calibration are shown in Fig. 36.  
A CAD model of the sensor was used to simulate the assembly sequence before the actual 
construction of the device thus preventing spatial inconsistencies. Figure 37 shows the three basic 
 
Figure 36. Completed sensor (a) and sensor with kinematic mount for calibration (b). 
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steps for the assembly of the axis: 1. Strain gauge attachment (Fig. 37(a)), 2. Placement of 
miniature nuts onto the plastic clamps for the attachment of the leaf springs and the stiffening 
plates (Fig. 37(b)) and 3.  Clamping and fastening of the leaf-springs and the stiffening plates (Fig. 
37(c)). 
4.5.4 Calibration and testing of the sensor 
To calibrate the force-voltage response of the sensor, each axis is loaded (in the positive and 
negative directions) while the voltage in all strain gauges is recorded. The rotational symmetry of 
the kinematic mount facilitates to orient the sensor in different directions to load each of the axis- 
with laboratory weights- in the direction of gravity. Linear strain gauges SGT-2C/350-TY11 from 
Omega are used to capture the strains near the fixed ends of the leaf-spring. The gauges are mount 
near one of the cantilever ends as shown in figure 37(a).  The XYZ force sensor uses one strain-
gauge per axis connected in a quarter bridge configuration whose output voltage is amplified. The 
low-cost multifunction DAQ usb-6009 form National instruments is interfaced with LABVIEW 
for data acquisition.  
Figure 38 shows the force-voltage signal of each axis when the sensor is loaded in the X, Y 
and Z directions with the help of the kinematic mount. In this experiment, weights of 1 gram are 
used to incrementally load the device.  For instance, Figs. 38(a) and 38(b) show the voltage 
response of the sensor when loaded in X and the Y directions respectively. Both axes experience 
cross talk with the Z-direction of sensing. Figure 38(c) shows that voltage response of the sensor 
 
Figure 37. Assembly of the sensor. 
Strain gauge attachment (a). Placement of miniature nuts (b) and clamping and fastening of the leaf-springs and the 
stiffening plates (c) 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 89 
 
when loaded in the Z-direction has negligible cross talk with the other axes. This is expected as 
the Z-axis is the closest to the fixed plate in the nested structure and the forces are not transmitted 
through the other axes. Although the sensor experiences cross talk, its voltage response is fairly 
linear for force ranges between -2N and 2N. A linear fit to the calibration data returned the 
following transformation between output voltage (V) and force input (N) in the sensor:  
 
Figure 38. Force-voltage calibration of the sensor.  
(a) X-axis, (b) Y-axis and (c) Z-axis (c). 
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 (4.11) 
This mapping is used to calculate the forces in the sensor given the voltage-output reading. 
The sensor was tested by reading the 3D force generated when tying a knot between two threads 
attached to the moving plate. For this test, the sensor was attached to the mounting fixture, using 
the kinematic mount, with its Z-axis pointing along the direction of gravity. Because of this, most 
of the hand motions where confined to the XZ plane (the horizontal and vertical directions). 
Further, because of the inability of the threads to work in compression, the knot was tied by 
constantly pulling the threads. The ability to precisely sense pulling forces in the tying of a surgical 
knot is crucial as excess in the amount of pull away force can result in damage to the target area. 
Figure. 39 shows the time evolution of the sensor output for one of the trials. Particularly, Fig. 39. 
(a) shows the knot tying forces in the sensor calculated with the help of Eq. (4.11). Alternatively, 
Figure. 39.(b) shows the corresponding spatial evolution of the force vector in the XZ plane. In 
this representation, the time-rate change of the force vector is proportional to the spacing between 
the points along the path. The experimental data reveals the shape of the motion at the moments 
of making the loops, tying and releasing the knot as the trajectory of the force vector relates to the 
geometry of the motion trough the stiffness of the sensor. The tying forces in this trial were below 
100 mN in both the X and the Y direction.  
  
 
 
Figure 39. Completed sensor (a) and sensor with kinematic mount (b). 
 
 
 
 
 
(b)
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4.6 Case study: Design and Fabrication of a Flexure-based Laminated Delta Robot 
Mesoscale electromechanical systems find applications in fields such as medical 
instrumentation, soft robotics, microscopy, flexible electronics and imagining. This example 
implements the printed circuit MEMS (PC-MEMS) process [108] for the fabrication of a ‘pop-up’ 
flexure-based mesoscale system that exploits the simplicity of 2-D manufacturing techniques such 
as sheet-metal operations and laser cutting to realize a 3-D mechanism. The fabrication of a 
laminated Delta robot with prismatic actuation is presented to exemplify this process.  A working 
device with actuation and functional components such as linear guides, stepper motors and limit 
switches is designed and fully realized. Because the mechanism is popped out of the plane to 
achieve its 3D shape, we present a stiffness analysis to arrive at the out-of-plane (or ‘pop-out’) 
angles that the planar system must accommodate so that constraints/limits on actuator torque/force 
can be can satisfied while producing an operational system.  The simplicity of the processes makes 
it a candidate for the use in the emerging open-source hardware technologies for fabricating low-
cost, complex, electromechanical systems. 
 
 
Figure 40. Main technical aspects of laminated micro-machine tools (LMMT).  
(a) Process characteristics and (b) and the PC-MEMS process adapted to the fabrication of LMMT 
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PCB-inspired lamination techniques ( [9] , [109], [110]) based on folding of multilayered rigid-
flexible laminates, has been successfully shown in the fabrication of mesoscale micro-electro-
mechanical systems (MEMS) with the incorporation of microscale mechanical features as piezo-
actuators, integrated circuits and the integration of multiple materials  (usually bulk machined with 
laser). Some of the examples in the literature of this technology include the Harvard Monolithic 
bee [108] and the hexapod crawling robot from Berkley [111] .  
This work presents a fabrication methodology and a stiffness-based design approach to 
laminated micro-machine tools (LMMT) that combines the PC-MEMS process, with conventional 
2D high-throughput manufacturing techniques. In this approach, the machine frames and the 
mechanism structures are, first, laminated and folded individually and, later, assembled into the 
final devices. A Delta parallel-kinematics system [112]with three independent kinematic chains 
and XYZ motion is used as example to show the methodology capabilities. The machine structure 
is a multilayer device fabricated with sheets of polyethylene and Delrin®. Due to the size of the 
structure and its preference for out-out-plane motion, the pop-up folding effect is achieved without 
the use of scaffolds. Additionally, this paper presents assembly and manufacturing concepts used 
to incorporate linear guides, limit switches, connectors and miniature stepper motors resulting in 
the realization and of ultra-low cost, fully-integrated, 3-D lamination-based micromachine.  
4.6.1 Manufacturing process overview 
In the PC-MEMS (See Fig 40.b), micromachined layers are sequentially laminated and then 
micromachined again in an iterative process, to release the internal features and form the laminates. 
For instance, Figures 41(a) - (c) show the basic lamination and folding steps of the Delta parallel-
kinematics system. Even though the moving table and the three kinematic chains are produced in 
a single laminate, a single leg is shown for simplicity. In this example the out-of-plain hinges of 
are realized by clamping a thin, flexible layer between two rigid layers to both ends. The flexible 
layer is locally cut in the form of beams that deflect along the desire direction while the rigid layers 
offer an effective change in the section to localize the deflections in the beam. Sacrificial tabs are 
initially included in the fabrication of the rigid layers to keep the clamping ends connected. The 
tabs are removed, in a post-micromachining step, after the flexible and the rigid layers have been 
laminated together. This prevent the rigid layers form been disconnected at any step of the process 
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and, otherwise, fall apart during fabrication. The fabrication of the in-plain circular hinges is 
achieved by micromachining circular notches in both the rigid and flexible layers.   
The final structures are obtained by folding and locking the laminates in place.  We use a 60W, 
CO2 laser to micromachine the individual layers with in-plane features as small as 150 µm.  
Because of the process capabilities and requirements, the Delta robot uses a polyethylene layer 
with a thickness of 100µm for the out-of-plain hinges, sandwiched between two 1.2 mm thick 
layers of Delrin ® with the in-plain hinges (See Figure 41 (d) and (d)).  Delrin ® was used for 
because of its high stiffness and strength while polyethylene was used for its flexibility and 
easiness of machinability. Because of its low surface energy, Delrin® is prepared before 
lamination by sanding its surface (to introduce some roughness) and using a corona plasma spot 
generation to change its surface chemistry. The bonding between layers is done by degreasing the 
surfaces and applying an adhesive epoxy.  Finally, a custom-made jig with alignment post (See 
Figure 41 (a)) is used to provide overlay registration of features during the lamination process. The 
resulting laminates (the frame and the mechanism structure) are integrated with discrete 
components, and assembled together into the final machine as described in Section 4.6.3 
 
 
Figure 41. Lamination and folding steps of the Delta Parallel kinematics LMMT. 
A 3D render shows the basic steps of the process consisting of: (a) lamination of rigid and flexible layers before 
lamination. (b) micromachining step to release the out-of-plain joints of the robot and (c) folding the laminates. (d) 
and (e) show the actual laminates before and after folding. 
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4.6.2 Design  
The design and manufacturing process starts by identifying the requirements of the LMMT, 
i.e., its holding forces, overall sizes and ranges of motion. These constraints, narrow the set of 
candidate manufacturing processes, materials and lamination techniques (Figure 40 (a)). The Delta 
robot in this paper is designed to have a cubical workspace of side 4 mm, a footprint of radius R = 
50 mm and around 1 N of holding force in the X, Y and Z directions. Additionally, a target of 100 
microns was set for its positioning accuracy. 
As shown in Figure 42.b. The laminated Delta robot is composed of identical PUU (prismatic 
actuated-universal-universal) kinematic chains, in parallel, between a fixed and the moving plate. 
The actuated distance of each chain is λi (i = 1 to 3). The universal joints in the legs are realized 
by parallelogram four-bar mechanisms connecting the moving plate to the controlled prismatic 
joint by in-plane and out-of-plane hinges. The parallelogram ensures the translational motions of 
the stage.  
In this section, the kinematic analysis of this mechanism [14] is used to derive an expression for 
the stiffness of the structure at the nominal configuration (pop-up angle). The length l of the four-
bar parallelogram and the initial pop-up angle αo are obtained by matching the stiffness of the 
structure to the force-stroke capabilities of the actuators.  
The Lagrange equation (derived from the Hamiltonian principle) is stated as: 
 , 1, 2,3i
i i i
d T T V
Q i
dt x x x
   
    
   
 (4.12) 
 
Figure 42. 3D render of the laminated machine in the pop-up configuration and its kinematic simplification.  
For analysis, the end-effector is collapsed to a point and the parallelograms to single links. 
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Where T is the kinetic energy of the system, V is the strain energy stored in the springs and xi 
are the generalized coordinates (x, y and z). Qi represents the generalized forces (the external forces 
at the end-effector of the mechanism). In this analysis, the mass of the structure is lumped at the 
moving table and the springs are assumed to be perfectly elastic. If all velocities ?̇?𝑖 = 0 , the 
equations of motion become: 
 , 1,2,3i
i
V
Q i
x

 

 (4.13) 
Each of the kinematic chains has four in-plain hinges and four out-of-plain hinges, thus, the 
total strain energy stored in the flexible elements can be obtained as: 
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 (4.14) 
Where 𝐾𝛼 is the stiffness of the out-of-plane notch flexures and  𝐾𝛽 is the corresponding 
stiffness of the in-plane small flexural pivots [3] [2]. ∆𝛽𝑖 and ∆𝛼𝑖 are the in-plane and out-of-plain 
angular displacements of the four-bar parallelograms of the i-th chain (See Fig. 42.(b). For 
simplicity, only the in-plain and out-of-plain angular displacements of the first kinematic chain are 
 
Figure 43. Dimension of the flexural hinges (a) and lateral stiffness of the mechanism (b). 
Stiffness shown as a function of the initial pop-up angle. 
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shown). The energy stored in all springs relates to the displacement of the end-effector through the 
Jacobian matrices of the manipulator given as: 
 T -T -1 T -T -12 [ ] 2 [ ]V K J J K J J            α α β β  (4.15) 
Where 𝐽𝛼 and 𝐽𝛽 are the Jacobian matrices from the linearized kinematics [5], [113] of the stage 
relating the displacements of the joints ∆𝛂 = [∆𝛼1, ∆𝛼2, ∆𝛼3]
𝐓 and joints ∆𝛃 = [∆𝛽1, ∆𝛽2, ∆𝛽3]
𝐓 
to the displacements of the generalized coordinates∆𝐱 = [∆𝑥, ∆𝑦, ∆𝑧]𝐓. Substituting Eq. (4.15) 
into the Lagrange’s Eq. (4.13) yields the force balance equation of the machine: 
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Because of the planar symmetry of the machine, K is a diagonal matrix with components 𝐾𝑥, 
𝐾𝑦 and 𝐾𝑧. Further, the instantaneous stiffness in the X and Y directions are the same while the 
stiffness in the Z-direction is zero. This is because of the fact that, initially, any motion along the 
Z-direction is both, produced and constrained by the actuators and the structure without deflections 
in the compliant elements. The linearized stiffness in the plain is given by: 
 
    2 20 0
2
6 csc sec
x yK
K K
l
K
  


  (4.17) 
 
Figure 44. (a) Workspace of the end-effector of the Delta robot.  
(a) Isometric and orthogonal projection on (b) XY and (c) XZ planes.  
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From Eq. (4.17), longer parallelograms result in reduced stiffness. Because of this and the 
footprint design-constraint, the length l is chosen to be 28 mm.  Also, based on constraints of the 
laser-machining process, the joints dimensions (See Figure (43.(a)) chosen result in torsional 
stiffness of 𝐾𝛼 = 0.0067 Nm/rad and 𝐾𝛽 = 0.025 Nm/rad. Figure 43.(b) shows the value of the 
in-plain stiffness after the machine has been pop-up as a function of 𝛼0 . The variation of stiffness 
for angles between 20 and 60 degrees is relatively small. It can be shown, using force-position 
contragradience, that these values correspond to actuation stiffnesses around 0.5 N/mm.  The 
stiffness bounds as a function of the out-of-plain angle can be used to calculate the boundaries of 
the workspace by solving the forward position kinematics for configurations where 20˚<α<60˚. 
Fig. 44 shows the workspace of the stage. It can be seen that it contains a cube of side 4mm, 
produced by actuator displacements ranges of about 7mm. 
4.6.3 Assembly 
After lamination of the frame and the mechanism structure, the resulting laminates are manually 
assembled with components for actuation and motion detection. To convert the rotational motion 
of the miniature steeper motors into input linear motion at the mechanism, the Delta LMMT uses 
custom-made threaten adapter connecting the screws of each motor to a pair of linear metallic 
guides by means of brass bushings. The adapters have mounting holes for the subsequent 
attachment of the mechanism structure. The linear guides are attached to the fixed frame by 3D-
printed components that offer rigidity and alignment.  Attaching the mechanism structure to the 
adapters forces the structure out of the plain creating the pop-up folding (See Fig. 45). The offset 
in the location of the attachment points between the mechanism structure and the frame determines 
the initial pop-up angle (in our case 45 ̊). Limit switches, created with pogo pins and copper 
electrodes prevent the adapters from reaching the limits of the screws. 
4.6.4 Testing 
The Delta LMMT is driven in open loop. To yield an accurate kinematics model of the Delta 
mechanics and to assess the dimensional accuracy of the micromachining process, the length l of 
the four-bar parallelograms was measured to be 28.13 mm using optical microscopy. The solution 
of the inverse kinematics problem is implemented in the computer using the open source software 
environment Processing to map the prescribed motion of the end-effector to the corresponding 
motion of the actuators. The calculated motion of the actuators is converted in number of steps and 
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sent in form of machine code to an Arduino board in charge of interpolating the motion. The micro-
controller generates the motion pulses and sends them to the drivers, which, in turn, output the 
corresponding voltage signals to the stepper motors.  
Because of the vertical arrangement of the actuators and the symmetry of the structure, the out-
of-plain kinematics are trivial in the sense that equal displacements at the actuators result in vertical 
motions at the end-effector of the same magnitude. To validate the in-plain kinematics, the end-
effector was sequentially commanded to move to equally space points in a circumference of 4mm 
diameter at a height of 3.5 mm in its workspace. A digital image correlation algorithm [18] is used 
to compute the displacement relative to a reference frame of the end-effector at the center of the 
circle.  Figure 46 (a) shows a frame of the end-effector at a particular position. The displacements 
are calculated based on the location of the kernel, in fig. 46(b), at each of the frames. Figure 46(c) 
shows the difference show the reference circle and the observed locations of the end-effector.  The 
maximum error in 90µm, this is expected  as a result of manufacturing inaccuracies, the precision 
 
 
Figure 45.  Integration of components and assembly of LMMT. 
Components include: (a) metallic rods and brass bushings for linear bearings, (b) miniature stepper motors with 
plastic custom-made threaten adapter, (c) miniature screws and nuts for the attachment of the mechanism structure 
with the actuators, (e) pogo pins and contact electrodes for integrated limit switches and 3D-printed mounts for 
linear bearings and pin connectors. (d) Picture of completed Delta robot. 
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in the miniature stepper motors, differences between the model parameter and the actual length of 
the robot and truncation errors in the calculations. Figure 46(d) shows the displacement calculation 
in the X direction (around 200 pixels) of the cross-correlation algorithm at one of the frames. The 
X and Y displacements of a frame are calculated as those X and Y translations that maximize the 
pixel-to-pixel correlation in the chosen kernel with reference frame. This technique is limited by 
the pixel-to-length resolution corresponding to 12 µm in our setup. 
4.7 Conclusions 
This chapter presents novel and innovative research exemplifying the opportunities created by 
new and economical manufacturing technologies in the design and fabrication of modern machine 
tools with case examples in the area of flexure-based mechanism. Simplicity, accuracy, and 
repeatability make flexure-based mechanisms a natural technology for the construction of 
mesoscale systems for single-use/reduced-life, precision motion applications, and the robotics and 
medical industry. Therefore, a new flexural joint was demonstrated with the combination of 
 
 
Figure 46. Delta LMMT experimental work. 
(a) Reference image of end-effector, (b) selected kernel, (c) reference (in markers) and commanded circular 
trajectory and  (d) cross-correlation algorithm along the horizontal direction of (a). 
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traditional and additive manufacturing processes. The hybrid joint is the result of breaking the 
geometry of a conventional flexure into a host and an insert. The insert provides the relative motion 
of the host by means of deflection while the host provides structural stiffness and a means of 
connecting the joint to the mechanism structure. This overcomes complexities of manufacturing a 
monolithic mechanism.  
A simplified-2D finite element model was developed to study the mechanics of the flexure and 
to produce design rules that alleviate the effects of low accuracy and poor surface finishing, 
anisotropy, reductions in material properties of components, and small holding forces. Preliminary 
structural analysis revealed two main mechanisms of stress concentration in the hybrid flexure. 
Namely, the localized contact stresses at the interface between the host and the insert and the notch 
tip stresses. Further parametric analysis on this model was used to track the stress in the 
components, the contact pressure at the interface and the strain energy distribution for different 
penetration depths. These computational experiments resulted in a general, dimensionless, relation 
to compute the optimal penetration depth (insertion distance where the elastic work done by the 
host material is minimum relative to that one done by the flexure) for different selections of joint 
materials and flexural thickness. For example, in the case of an aluminum host and steel inserts, 
the optimum penetration distance is six times greater the thickness of the insert whereas in the case 
of an ABS structure and steel inserts, the optimum penetration desistance is ten times greater than 
the insert thickness. Studying the effect of pre-stressing the interface resulted in a systematic 
approach to calculate the required amount of interference for a required rotation of the joint while 
avoiding delamination. Simulations show that delamination might take place when the intensity of 
the flexing stress field is below five times the intensity of the preload stress field. Finally, this 
section proposes the development of failure criteria for flexural pivots based on fracture 
mechanics. This idea is based on the shown similarity between the stress fields near the tip of the 
interface and the Irwin stresses for fracture. Such a model can be used to experimentally identify 
values limiting values of KI for different set of materials and dimensions of the interface. This 
result conclude the set of analytic tools and design rules for hybrid flexures.  
Design-for-fabrication strategies with multilayered composites and hybrid flexures were 
demonstrated in the construction of mesoscale devices and machine components with case 
examples in the areas of precision engineering, medical training and machine tools for reduced life 
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applications.  A piezo-electric actuated 4-bar mechanism was built with hybrid-flexures. Open 
loop bandwidths of 50 Hz and closed-control tracking errors below 50 nm at speeds of 150 µm/s 
demonstrated that hybrid-flexures are fit for use in applications as stringent as nanopositioning. 
The design and manufacture of a flexure-based XYZ sensor demonstrated the use of hybrid-
flexures in the medical applications of knot -tying and suturing training. This solution 
demonstrated the potential of hybrid-flexures in the construction of devices that quantify the 
magnitude of the forces as well as provide information on the quality of the motion generated. 
Finally, this chapter presented the design and fabrication of a miniature Delta robot as example of 
a manufacturing technique to produce mesoscale electromechanical systems via lamination. The 
structure of the robot is adapted to be flexure-based where the flexures are design to take advantage 
of the lamination schemes. With the help of the presented stiffness analysis, we were able to 
characterize the overall stiffness of the mechanism. This was use to arrive to an optimal pop-up 
angle and estimate the size of the workspace, given the characteristics of the chosen drives. This 
example presents solutions to the integration of common components in mechanical systems such 
as limit switches, linear guides and actuation elements. The simplicity of the manufacturing 
techniques in this process makes it easy to exploit the broad spectrum of open source hardware 
and software tools available for the construction and communication with the devices. After the 
mechanism assembly, we demonstrated its functionality with the implementation on an open-loop 
controller. The precision of these devices could benefit from the implementation of closed-loop 
control algorithms. 
The cases of study here where shown to perform successfully. They represent a repertory of 
creative solutions applicable to the design of devices with hybrid flexures and can find applications 
in the fields of medical industry, soft robotics, flexible electronics, machine design-iteration and 
elimination of errors.  
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CHAPTER 5: OPPORTUNITIES CREATED BY PERVASIVE 
MICROPROCESSING TECHONOLOGIES 
 
Previously, this thesis discussed new design-for-manufacturing strategies created by traditional 
and new manufacturing technologies, and the opportunities that these strategies bring to the design 
of machine tools at the micro and mesoscales. This chapter addresses the development of a new 
control architecture based on the current availability and affordability of micro processing power 
technologies. This architecture aims to transform machine tools and, particularly, CNC machinery 
in intelligent and adaptive systems that can easily mine control and process data and, ultimately, 
become part of large cyber physical infrastructures. This open architecture has the potential of 
transforming CNC in open source electronics from device-oriented systems to systems where users 
can design their controls for special purpose machines. The ideas in the chapter combine the latest 
trend in open source, and open electronics, with the classical concepts of modular and open 
architecture controllers (OAC) for CNC systems.    
Open control architectures have many advantages including increased computational resources 
and flexibility of reconfiguration of new manufacturing units. These types of controllers regain 
relevance with the new revolution of open source electronics. This research proposes an open 
architecture for the control of CNC systems based on open source electronics. It presents the 
general ideas with examples of implementation. The software architecture in this paper is a 
component-based approach where each component has an independent finite state machine (FSM) 
model. The hardware architecture is a multiprocessor distributed controller, with different levels 
of processing, and adaptable for different hardware specifications. It leverages the power of 
platforms like Arduino or TI Launchpad to realize CNC systems of increased computational 
resources, closed-loop position of the tool, smoother motions and higher feeds. A discussion of 
the basic control algorithms, with examples of implementation to the open source platforms 
Arduino and TI Launchpad, is presented as part of the methodology. Other results in this chapter 
include the test of the control to a two-axis CNC stage, a mathematical model of the control-loop 
in Simulink, and the development of virtualization service for as the first step to create a micro-
service architecture for manufacturing networks based on this controller. A “tight binding” 
between the controller and the micro-services will delineate the path for a general platform that 
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supports realistic machine simulation, real-time monitoring, remote operation and process 
planning. 
5.1 Introduction 
The past 50 years have seen manufacturing revolutionized from being a primarily manual, 
labor-intensive activity with some mechanical automation to a computer-enabled, programmable 
function, needing only some human supervision.  At the very epicenter of this revolution is the 
numerical controlled (NC) machines. Capable of interpreting and precisely executing commands 
containing numerical information, NC machines have become platforms for automating processes 
like 3-D printing, laser cutting, machining, assembly and many other applications. With a booming 
industrial-automation market and hundreds of controller manufacturers, incompatibilities between 
products became a challenge to the integration of new manufacturing units outside the scope of 
these controllers [53].  This motivated the development of vendor neutral, open architecture 
controllers (OAC) around the world; e.g. OMAC in the United States, OSACA in Europe and 
OSEC in Japan. These controllers promised the integration of independent application program 
modules, control algorithms, sensors and computer software/hardware developed by different 
manufacturers. 
This research introduces a new open multiprocessor architecture for multi-axis servo control 
of CNC systems based on open-source electronics. Its purpose is to provide researchers and 
enthusiasts with a new control architecture for the rapid design of CNC systems that will allow 
them to experiment with these platforms and create special purpose applications. DC brush-type 
servomotors are selected because of their near-constant torque output, power to size ratio, low 
vibration and accelerating capabilities. The distributed control architecture  consists of four major 
software components, arranged in different hardware configurations for electronics with different 
micro processing-power; namely, the executive program, the interpolator, the programmable logic 
controller (PLC) and the servo-control. The algorithms are coded in a general manner that the 
architecture is modular in both software and hardware. For instance, different numbers of servo-
controllers can be added to yield controllers for different CNC processes without modifying the 
architecture algorithms (software modularity), but also, the same algorithms could be implemented 
in different platforms with minor modifications (hardware modularity). Examples of the main 
programs are presented in the Texas Launchpad [114] and Arduino development platforms [115]. 
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The open architecture in this chapter can be implemented in most computers and has many 
advantages including increased computational resources, flexibility of reconfiguration of new 
manufacturing units, modularity in software and hardware, and an open flow of position machine 
states updates. Additionally, this chapter demonstrates the first steps towards incorporating an 
internal micro-service to the OAC paradigm. The micro service example consist of a virtualization 
layer or “virtual machine” with a replica of the interpolation, the PLC and the servo-control 
algorithms, thus capturing the physics of the machine and the controller. These are fundamental 
characteristics needed by the open–electronics CNC systems to operate in advance manufacturing 
environments. We envision that this controller will become the platform where applications like 
monitoring, remote human machine interfaces, and process planning environments meet with 
technology. 
5.2 Background. Open Architecture Controllers 
OAC in CNC consists of a base of communication protocols and system capabilities that enable 
reliable, stable and modularity in both software and hardware [57]. The underlying idea was to 
decentralize the control task into modular algorithms (i.e. the operating system [25], the motion 
interpolation [55] [56] , and the servo-control algorithms [57]  ), while maintaining an open flow 
of machine states (e.g. position, velocity, acceleration, temperature, forces). All of the algorithms 
may be executed on a single microprocessor at constant time intervals (adjusted according to their 
priority and worst-case execution time) or, alternatively, on a multi-processor controller scheme 
to increase the computational resources.  The former is referred to as a hierarchical controller while 
the latter is referred to as a multiprocessor controller [116]. Figure 47 shows an example of the 
frequency of execution of the control algorithms in a hierarchical and a multiprocessor controller. 
The rates of execution of the algorithms are adjusted according to their priority and worst-case 
execution time.  For example, the maximum interpolated frequency cannot exceed the execution 
frequency of servo-loop interrupt.  In the figure, f1 and f2 correspond to the frequency of execution 
of the servo control and interpolation algorithms and, therefore, f1 > f2 for both hierarchical and 
multiprocessor control architectures. In a hierarchical controller, the interpolation algorithm is 
programed to support a fixed number of axes and each servo-control is executed in its independent 
processor. 
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OAC systems offer advantages at the moment of configuring CNC systems such as portability, 
extendibility, interoperability, and scalability [117]. Some of the major efforts in the area of OCA 
in the past include:  
• OMAC (open modular Architecture for control) 
• OSACA (Open System Architecture for controls within Automations systems) 
• RSC (Real time control system) from the national institute of Standards and technology 
(NIST) 
• NGC (next generation controller) by the national center of manufacturing sciences 
(NCMS) 
• EMC (Enhances Machine Controller architecture) by NIST 
OCA is of particular relevance in the context of open-source electronics because of its potential 
to create readily low-cost, modifiable control systems with distributed processing. The first open 
architecture control (OAC) was developed by the US National Institute of Standards and 
Technology (NIST) and was named the enhanced machine controller [40]. This controller was 
implemented in an ordinary PC running on Linux. A second version of this controller (EMC2) was 
developed to implement a Hardware Abstraction Layer (HAL) module and, in general, as a more 
mature code solution for the control of CNC systems [58]. The name of this software was changed 
 
 
Figure 47. Execution of the interpolation and servo-control algorithms. 
(a) hierarchical controller and (b) multi-processors controller. 
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to LinuxCNC [118] and its architecture consists of a motion controller (EMCMOT), a discrete I/O 
controller (EMCIO), a task coordinating module (EMCTASK) and a GUI user interface. 
LinuxCNC is implemented on a real time extension to the Linux kernel and it uses a ISA/PCI/PCI 
express bus-based card to interface with the hardware. Systems based on computer cards, however, 
need the modification and optimization of a PC, which restrict the openness of the control, and 
they are difficult to update because of compatibility issues with new mother board technologies. 
Although some advances at the research and development levels had been made in open control 
and modular architecture controllers (MAC) [119] [60], the idea was ahead of its time because of 
flexibility of vendors, liability and standardization issues.  
5.3 Controller architecture 
The control in this thesis is an implementation of an open architecture controller (OAC). It 
consists of four control programs executed independently on different processing units, namely, 
the executive program or operating system, the interpolation program or motion controller, the 
 
 
Figure 48. Software (a) and hardware (b) architecture of the controller 
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servo control program and the PLC.  The executive program is a PC-based application in charge 
of managing the non-real time services of the architecture; the interpolation program is a micro-
controller program in charge of the online coordination of the axis, feed rate control, acceleration 
and deceleration; and the servo control, in turn, executes in a micro-controller and drives each axis 
independently with a velocity close-loop control. Finally, the emergen cy control corresponds to 
an interrupt service routine (ISR) that responds to discrete events requiring immediate action such 
as an overload of the drive unit or hitting a limit switch, and it has higher priority.  
5.3.1 Hardware architecture 
Figure 48 shows a possible hardware architecture and its implementation to a 3-axis CNC 
machining center. In this example, each microprocessor is on a separate board and talks to other 
components in the architecture through a communications network. The executive program 
connects to the native human machine interface (HMI) application via transition-protocol (TCP) 
socket for inter-process communications. It also communicates to the PLC and to the Interpolator 
through the primary communications bus via serial port. The PLC connects to the servo control 
units via Inter-Integrated Circuit protocol of communication (I2C). This component executes 
automatic motion routines, and allows users to program their own applications based on logic 
operations and the I/O signals from the machine peripherals.  
 
 
Figure 49. Three different variants of the open architecture for control.  
Figure adapted from [117]  
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The machine executive transmits the vector of motion commands (with desired machine states) 
to the interpolator via serial port and the configuration parameters to the servo controllers via I2C. 
Position updates from the servo controller and reported to the executive program through these 
channels, keeping an open flow of machine states. There is a secondary bus of communication 
transmitting the train of pulses, to drive the position of the axes, from the interpolator to the servo-
controls. The communication of the pulses is handled by hardware interrupts in the servo-
controllers, triggered by changes in the digital signals coming from the interpolator.  
Routing the communications from the machine executive to the servo-controllers through the 
Interpolator and PLC components, reduces the number of communication peripherals handled by 
the machine executive with the caveat of slowing the communications in the architecture. Figure 
49 shows 3 possible variations of hardware architecture for different Hardware capacity, and their 
corresponding software structure [117]. The control architecture in figure 48 correspond to variant 
(b). In variant a), a bus master transmits the vector of motio command to the interpolator and 
receives the position updates from the servo controllers. This is the lower perfomance electronics 
configuration and the highest latency one.  In variant c), higher performance processors allow the 
interpolator and the PLC to be combined into a single unit leading to a reduction of the number of 
processors and a more compact controller. In the example of figure 48, the executive program runs 
on a PC; the PLC and Interpolatro program are program in an Arduino Mega 2560 board; and the 
servo controller runs in an Arduino Nano, based on the microprocessor ATmega328.  
5.3.2 Software architecture 
Figure 48 (a) shows a diagram with the software architectures of the controller to a 3-axis CNC 
machining center. The control architecture in this paper is a component-based approach aimed to 
achieve software modularity. This means that, each of the components have unique finite state 
machine (FSM) model that guarantees the successful execution of tasks in the controller and the 
proper collaboration with the other the components. In this manner, a new component such as a 
servo-control could be added as building block for a different CNC application without conflicting 
with the previous control kernel. 
Figure 50 shows a simplified version of the finite state machine models of the interpreter, the  
interpolator and the servo control unit. Every vector of motion commands arriving from the 
interpreter in the executive program is put in wait state by the interpolator.  The wait state has a 
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first in first out (FIFO) buffer that stores incoming commands.  It notifies the executive program 
whenever a command is executed (form the tail of the buffer) so that a new command can be 
stored.  The vector of motion commands (with the desire state of the machine) is taken from the 
wait state to the load interpolation state where the values of the velocity registers and targets are 
initialized according to the desired state of the machine. The interpolation state corresponds to an 
ISR with either a reference pulse [55] or reference word [56] interpolation algorithm for the 
generation of digital pulses to drive the axis.   
The servo-control FSM model is mainly driven by the execution of three independent 
interrupts. These include the emergency-control interrupt (highest priority interrupt); the set-point 
external interrupt, which increments an up-down counter whenever the interpolator requests a 
pulse; and  the servo-control interrupt which calculates the control output to the motor driver based 
on the instantaneous error count in the servo. The emergency control is in charge of the 
housekeeping operations and safety checks in the servo such as limit switches, error limits, 
 
 
Figure 50. A simplified finite state machine (FSM) diagram of the architecture 
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maximum velocities and accelerations. The emergency control responds to these events by taking 
the program execution to the Emergency Stop (E Stop) state where all the motions are stopped 
immediately. There is an additional timer interrupt for the communication of servo updates UPDT 
(positon, velocity, and torque) and loop configuration parameters CFG (loop gains and interrupt 
frequency).  
This software architecture guarantees the successful execution of interpolation and servo 
control task while allowing an open flow of machine states between the components of the control. 
It meets the definition of a component-based approach by offering the possibility of adding micro-
processing units and physical axes of motion (up to the maximum number supported by the 
interpolator) without changing the length of the servo algorithms and, most importantly, their 
execution time. This is important as the topology of the control can be modified to meet different 
processes standing for an interchangeable, portable and scalable control. The following section 
discusses the main programs and algorithms in the control architecture. 
5.4 Machine executive 
The executive program is a PC-based application program, coded in C++, which communicates 
to the HMI. It is in charge of: (a) executing the non-real-time services of the architecture i.e., 
processing of manual instructions and overrides, parsing and interpretation of G-code (RS-274), 
and setting of motion and servo-loop configuration parameters, while (b) coordinating the 
execution of real time services such as the interpolation, the PLC routines and the management of 
the virtual machine. This software component is the operating system of the controller and it has 
a user interface to set the servo-variables, send manual commands, execute Numerical Control 
(NC) programs, and handle troubleshooting services.  
When executing a NC program or a manual command from the graphical user interphase 
(GUI), the executive program calls the RS-274 interpreter service to parse the instructions into 
sequence, preparatory, dimension and feed words. The interpreter uses this information to generate 
the desired-state vector of the machine (a C type structure with information on the position of the 
axis, type of motion, process parameters among others) and the set of atomic actions (a linked list 
with the ordered sequence of actions such as “straight transverse”, “arc feed”,” tool change”) 
required to arrive to said state. Finally, the atomic actions are returned to the executive program, 
which, in turn, send them to the interpolator and PLC for the generation of the coordinated motion 
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of the axis and the execution of the automatic motion routines respectively. Both the interpolation 
and PLC transmit the motion instructions to the servo control units. The current machine state 
vector is updated upon execution of motion, and the interpreter service is called on to parse the 
next block. 
Some of the open source CNC software (GRLB, RepRap) carry the interpretation and 
interpolation services in the same micro processing unit. Although, this allows for compactness in 
the controller, such an alternative invests computational resources of the interpolator in non-real 
time tasks. This decreases the speed of interpolation, particularly when performing multi-axis (four 
and five) numerical control.  
5.4.1 Interpreter  
The code interpreter is an machine-executive service which translates the part program and 
manual commands into internal commands for moving the tools and auxiliary functions in CNC 
[42]. Figure 50 (a) shows the finite state machine of the interpretation program.  The interpreter is 
programed with the help of Lex and Yacc for the generation of the lexical analyzer and parser. Lex 
is used to convert G-code input strings in the file source to tokens [120] (characters or numbers) 
for the subsequent use of the Yacc parser. For example, the block “N05” returns the character 
token “T_N” and the number “05”.  The Yacc-generated parser contains the programing rules 
(grammar) that make syntactic sense of the RS-274 code. Each of the grammar descriptions in the 
parser is associated with a corresponding C action aimed to the generation of the desired state 
vector of the machine and the set of atomic actions to bring the machine to that state. For example, 
the block “N10 G01 X10 F300” corresponds to the production rule: 
block          :                                     { ; } 
        | block seq_word prep_word dim_word feed word   { process_block (); } 
                   ;  
seq_word    :                        { ; } 
         | T_N number                       { update_verctor(seq, $2);} 
         ; 
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In this production, the left recursion indicates that a block can have more than one block with 
a sequence word, a preparatory word, a dimension word and a feed word. A production rule can 
be terminal or non-terminal in which case it has a sub-grammar with corresponding action. In the 
example, the entry production “block” triggers the action “process-block ()” which generates the 
linked list of atomic actions, based on the parsed state vector of the machine, after the execution 
of the block. For the sake of brevity, only the non-terminal production “seq_word” is shown in the 
example. This production results in updating the member “sequence” of the desired state vector 
according to the value “number”. In this a similar manner, the interpreter program is able to 
maintain the G-code references (modal and non-modal preparatory words) and check for syntax 
errors and conflictive preparatory words. The interpreter can be compiled as a standalone (for the 
integration with different architectures), or linked as an object in the compilation of the executive 
program. In the latter, the interpreter operates in interpreted mode (each block is feed individually 
upon completion of the previous one), compiled mode (all the blocs are parsed without 
coordinating with programs of the architecture) and standard input modes (user input blocks). 
Among other important functions of the interpreter is the verification of the part program [42]. 
This service tests the part-data program for grammatical errors, numerical errors in the 
computation of tool position, and invalid feed rate and spindle speed word.   
5.5 Interpolator 
The interpolator is the main algorithm in the control program. It coordinates the motion of the 
axes to drive the machine tool along the required trajectories [42]. Figure 50 (b) shows the finite 
state machine of the interpolator program. A basic interpolation algorithm uses the vector of 
desired states of the machine (generated by the interpreter from the part-data program) to obtain 
the tool path as a combination of linear and circular segments. The output of the interpolator can 
be transmitted to the servo controllers in a sequence either of pulses or as a binary word in a sample 
data technique [3, 6]. A sample data method for interpolation is typical in modern CNC because it 
supports higher feeds. However, a reference-pulse interpolation technique was chosen as a first 
approach of implementation, because of its simplicity and precision.   
In reference pulse interpolation, the interpolator generates a sequence of output pulses. The 
total number of pulses represents the position of the axes, and the frequency of the pulses 
represents their velocity [55]. This information is transmitted to the servo control of each axis with 
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a direction pin (DIR in Fig. 3) to specify clockwise and counter-clockwise motion and a pulsed 
signal. Each pulse is equivalent to one basic length-unit (BLU) of the machine. The interpolator in 
this paper is based on a software digital differential analyzer (DDA) technique. This method uses 
registers and an external clock to solve the differential equation of motion in real-time and create 
the interpolating points through successive additions, subtractions and comparisons of integers. 
The simplicity of this interpolation algorithm makes it ideal for implementation in C and assembly 
programming language. A flowchart of the software DDA method with a detailed discussion on 
the calculation of the size of the registers, their initialization, and the number of iteration required 
to complete a quarter of a circle is presented in reference [55].  
Because in the software DDA interpolation algorithm, the number of iterations is equal to the 
length of the arc in BLU’s, the frequency of pulses along the path is expected to be constant and 
equal to the specified federate. This was a determining factor in selecting an interpolation 
technique for our control architecture.   
 
 
 
Figure 51. An interpolation example of a 2D trajectory using linear and circular reference pulse interpolation.  
A vector trajectory (a) and its G code approximation (b) are generated in Inkscape [121].  The trajectory is 
interpolated with reference pulses of 8 kHz and sampled in real time through a serial communication interrupt (c). A 
zoom view of interpolated path is shown in (d). 
 
 
 
 114 
 
In a reference-pulse interpolator, a timer interrupt in the microprocessor controls the execution 
of the interpolation ISR. A single iteration of the ISR can yield an output pulse (a BLU) or keep 
track of a fraction of a pulse depending on the frequency of interpolation.  At maximum velocity, 
every iteration of the ISR yields and output pulse and therefore the allowable frequency of 
interpolation depends on the execution time of the ISR. A common value for the execution time is 
approximately 100 μs corresponding to a maximum interpolating frequency of 10 KHz. This 
frequency in a machine with BLU of 10 μm corresponds to a maximum feed rate of 6000 mm/min. 
The software DDA interpolation routine, for linear and circular motions, was programmed on the 
boards Arduino Mega 2560 and Texas Instruments Launchpad C2000. The interpolator interrupt 
service routine (ISR) has a maximin execution time of 72 μs in the Arduino Mega and 4 μs in the 
TI Launchpad C2000, this corresponds to maximum interpolating frequencies of 13 kHz and 230 
kHz respectively. This speed can be improved by programming the ISR in assembly language.  
The DDA interpolation algorithm works inherently for single-quadrant arc segments specified 
in incremental motion. This is because the values of the velocity registers are proportional to the 
incremental distance from the tool to the center of rotation, and their rate of change is dependent 
on the quadrant of motion. To keep the interpolator a real-time processing component, the 
interpreter (in the executive program) carries the conversion form absolute to relative coordinates 
and breaks the multiple-quadrant blocks into single quadrant intermediate states before feeding 
them to the interpolator. To ensure the smoothness of the motion along the specified trajectory, 
the interpolator program includes a first in first out (FIFO) buffer. Initially, the FIFO buffer is 
partially filled with a number of desired states. During the execution of the numerical control (NC) 
program, the head pointer of the buffer is incremented every time a new state arrives from the 
executive program. In the same way, the tail pointer is incremented upon completion of a machine 
state by the interpolator. The interpolator requests new states from the executive program 
whenever the difference between the head and the tail points is below a set value. This guarantees 
that subsequent machine states are always available to the interpolator without relying on the 
communications with the executive program. 
Figure 51 shows the interpolation of a 2D trajectory with a combined linear and circular DDA 
algorithm on the Arduino Mega 2560.  The graphics software Inkscape [121]was used to trace the 
vector trajectory from a bit-map image (Fig. 51 (a)) and to generate the G-code approximation 
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(Fig. 51 (b)).  The interpreter in the executive program parses the part-data program and feeds the 
generated machine states to the interpolator. Figure 51 (c) shows the NC trajectory sampled in real 
time by a serial communication interrupt while interpolating at a frequency of 8 KHz. The ability 
of accessing and visualizing real-time data of the machine tool trajectories is desirable for the 
creation of products and manufacturing processes in digital manufacturing environments. Data 
mining at this level of the controller can be exploited to optimize, configure, embed and operate 
supply structures.  
5.6 Servo control 
In CNC systems, the numerical control (NC) loop uses the feedback from a digital encoder to 
control the position and velocities of the axis along the interpolated trajectories. Figure 50 (c) 
 
Figure 52. The numerical control loop (a) and its mathematical implementation in Simulink (b) 
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shows the finite state machine of the interpolator program. Here, set-point external interrupt 
increments a counter whenever the interpolator requests a pulse while a timer interrupt controls 
the execution of the servo-control loops. The up-down counter keeps track of the position error as 
the difference between the reference pulses and the pulses from the digital encoder. In a single 
iteration of the servo-loop ISR, the position error is converted to a voltage (analog or PWM) by a 
DAC to drive the motor of the axis. The motor rotates in the direction that reduces the error.  This 
scheme results in a proportional control of the position of the axis or, equivalently, a proportional-
integral (PI) control of its velocity.  
In CNC systems, the numerical control (NC) loop uses the feedback from a digital encoder to 
control the position and velocities of the axis along the interpolated trajectories. The control loop, 
presented in Fig. 52 (a), accepts the reference pulses from the interpolator and uses an up-down 
counter to compute the position error as the difference between the reference pulses and the pulses 
from the digital encoder. The position error is converted to a voltage (analog or PWM) by a DAC 
to drive the motor of the axis. The motor rotates in the direction that reduces the error.  This scheme 
results in a proportional control of the position of the axis or, equivalently, a proportional-integral 
(PI) control of its velocity.  
Figure 52 (b) shows an implementation of the mathematical model of the control-loop in 
Simulink. In this model, the servo loop is treated as a mixed discrete-analogue system controlled 
 
Figure 53.  Simulated velocity and position error responses of NC loop to a step input.   
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by two external clocks. One clock controls the execution of a discrete model of the interpolator 
while the other controls the execution of the servo-loop. The drive unit, however, is modeled with 
a continuous-time, first-order transfer function with drive constant gain K1 in rev/(sec.v) and time 
constant τ. Furthermore, any external torque is converted to a disturbance in the input voltage to 
the drives by the gain K2. Additionally, the motion of the motor is captured by the number of pulses 
per revolution of the encoder Ke and the conversion from position error to voltage in the DAC is 
given by the gain Kc.   
Because the up-down counter behaves as a discrete time integrator, the NC loop is a second-
order system with open loop gain: 
 
1 c eK K K K  (5.1) 
damping factor: 
 1
2
K   (5.2) 
and natural frequency 
  K   (5.3) 
Figure 53. Shows the simulated velocity and position-error of the closed-loop system to a step 
input of constant-frequency pulses. The simulation is repeated for different open-loop gains with 
τ = 10 ms, reference pulses of 1 KHz and a servo-loop interrupt of 10 KHz. From the position error 
 
 
Figure 54. Servo-controller breakout board design. 
 Printed Circuit Board (PCB) design (a) and circuit board assembly (b)   
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graph, it can be observed that large gains reduce the steady state following error, reduce the settling 
times, but increase the overshoot in the system.   
The Simulink model in this section is a tool for the rapid design of the control-loop parameters, 
analysis and real-trajectory simulation of the machine tool. For example, a full control program 
that takes the part-data file and generates the reference pulses can be embedded into a Simulink 
model including different NC loops. The loops account for the dynamics and external torques on 
each axis in the machine. An alternative would be to have the interpolator micro processing unit 
provide the reference pulses to the Simulink model. This strategy can lead to the creation of 
machine-oriented CAM software where designers assess the performance of different machine 
tools in producing a specific part before manufacturing. 
The servo-control algorithm was programmed on the Arduino Nano with the microprocessor 
ATmega328 and the Texas Instruments Launchpad C2000. The servo-loop ISR exhibited a 
maximum execution time of 76 μs in the Arduino Nano and 2 μs, in the TI Launchpad C2000, this 
allowed servo-frequencies of 10 kHz and 30 kHz respectively. Conventionally, the maximum 
interpolated frequency should be below the execution frequency of servo loop interrupt. The output 
voltage to the motor drive is sent in an 8-bit Pulse Width Modulation (PWM) signal in the Arduino 
Nano and a 16-bit PWM signal in the Launchpad C2000. The position and resolution of each 
platform is proportional to the resolution of the PWM signal and is inversely proportional to the 
 
 
Figure 55. Connection between the interpolator and the servo controllers (SC).  
Control setup for a two-axis CNC machine tool.   
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execution frequency of the servo-loop interrupt. For example, a motor with minimum velocity of 
10 revolutions per second and a servo-loop interrupt frequency of 10 KHz has a position resolution 
of 0.036 degrees. 
A plug-on servo-controller breakout board (See Figs. 54 (a) and (b)) was conveniently 
designed for the integration of the Arduino Nano with the PWM driver MC33936 from NXP USA 
Inc. and the LS7366R 32-bit quadrature counter from US Digital. The quadrature counter 
(interfaced via SPI communications) offloads the computations of the microcontroller. This 
solution is tailored to compact applications with basic level of performance and high flexibility.  
5.7 Internal service. Virtual machine 
This section delineates the ideas behind the implementation of a virtual machine to the open-
architecture controller.  This is one example of the many micro-services that could be integrated 
with this control platform. Traditionally, Computer Aided Manufacturing (CAM) software has 
been tailored to process planning and NC-code generation of general-purpose machine tools. The 
virtual machine in this architecture has exact replicas of the control algorithms of the architecture 
(interpolation and servo control), shares its communication structures and protocols and mimics 
the hardware characteristics of the machine. Because of this, the supervisory control can execute 
a user command or a numerical control program completely in computer software, with accurate 
simulation of the trajectories down to the basic step of the drives. This component can also be 
 
 
Figure 56. A virtual machine implementation in Autodesk fusion 360 ®. 
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executed in parallel with the physical (lower-level) components of the architecture providing a 
convenient tool for real-time monitoring of automated CNC machinery.  
The virtual machine is an object-oriented model of the controlled mechanical system with a 
3D representation that includes the full definition of its links and joints. It is hierarchically 
organized in a structural and control basis with exact replicas of the control algorithms of the 
architecture. The main entities of this hierarchy are:  
• Link: A link refers to a component (one or more faceted solids) with a coordinate frame 
attached to it. A link has a list of coordinate frames (shape transforms) defining the 
pose of its joints. 
• Joint: A joint describes the relative motion between two links by means of a joint 
transformation (either a rotation or a translation along the Z-direction). The associated 
services are the joint model, joint limits, and the servo-control. 
• Mechanism: A collection of links and joints working together to produce functional 
motion. This object contains the graph of the mechanism (with the links as nodes and 
the joints as arcs) used for the kinematic and rendering services. 
• Machine: A mechanism with its associated control and operation services; e.g., the 
interpolation, PLC and rendering services. 
The information flows through the virtual machine services in the exact order than it does 
through the physical architecture. The fact that these services are exact replicas of the control 
programs creates a tight binding between the real and the virtual representations of the machine. 
 
 
Figure 57. A virtual machine implementation in C++ and openGL. 
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Such a binding is key aspect in the implementations of a real-time monitoring application and 
process-planning environment.  Figure 56 (a) shows a three-axis virtual machine, coded inside the 
application user interface (API) of Autodesk Fusion 360®. To demonstrate the potential of tightly 
bound virtual machines and controls, this implementation uses Fusion 360 CAM trajectories and 
a reference-pulse interpolation algorithm (See Sec. 4.5) programed inside Autodesk Fusion 360 
API. Figure 56 (b) shows a rendered image with the “virtual machining” simulation results of a 
2D-machined trajectory. The material is removed by driving the machine along the interpolated 
trajectories, using the Fusion 360 joint definitions, while intersecting and subtracting the solid 
representation of the tool from that of the workpiece. The simulated surface is shown in the detailed 
view of Figure 56 (b). Virtual machining uses the control algorithms and physics of a specific 
system to simulate the machining processes rather than recreating them for a general purpose CNC 
machine, as in traditional CAM software. For instance, in a virtual machine, the feed, speed, 
material removal and accelerations are kept below critical values to keep the machining and inertial 
loads within the safety range of the machine. 
A second three-axis, virtual machine was coded in C++ and openGL, for higher graphics 
performance. This implementation required a loader method, embedded inside the machine-object 
constructor, to parse the mechanism information from a human-readable text file (see appendix). 
The standard machine data file (.smd) was created to load the machine geometry and assembly 
information form a commercial CAD software such as Autodesk Fusion 360®. After loading the 
geometries, the program spans the graph of machine to find the sequence of shape-joint transforms 
 
 
Figure 58. Connection between the interpolator and the servo controllers (SC).  
Control setup for a two-axis CNC machine tool.   
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of each link (See background Sec. 1.2.5).  This is used by the render service to populate the scene 
with machine assembly at its configuration given by the joint transforms. Figure 57 shows the 
openGL rendered machine with it link and joint transforms. The interpolation service coordinates 
the motion of the axes by updating the joint transforms and calling the rendering service after a 
number of iteration. The velocity of interpolation is modified by changing the number of iterations 
of the interpolation algorithms before rendering the scene. The virtual machine program has been 
successfully tested for interpolation frequencies higher than 40 kHz in an Intel Quad core CPU @ 
2.5 GHz.   
This are the first steps towards the integration of a virtual machine to the open architecture 
controller in this thesis. Following steps in this area include the implementation of efficient 
algorithms to simulate the material removal process that account for the dynamics of the drives 
and the material properties of the workpiece. 
5.8 Experimental work 
Figure 58 shows an experimental implementation of the open architecture to a two-axis CNC 
machine tool. In the photograph, an Arduino Mega 2560 interpolator is connected to the X and Y 
servo-controller (SC) breakout boards. The servo-controller breakouts include output pins with 
access to the PWM signals to the motors (computed from the servo-control), this allows the 
possibility of driving the motors with an external drive. An implementation of the two-axis servo 
controller to a motorized X-Y stage is shown in figure 59. The servo-controller open loop gain is 
 
 
 
Figure 59. 3-axis CNC systems as example of the proposed controller. 
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40 s-1v-1 and the time constant of the drive is 13 ms. The rotary encoders on the stages have 2000 
pulses per revolution and the leadscrews have a pitch of 1mm. These values correspond to a BLU 
of 1 μm. Figures 60 (a) and (b) show the interpolated and the encoder feedback trajectories of a 
test NC program. In this example, the stages are driven along an arbitrary 2D piecewise trajectory, 
comprised of 40 arc segments with regions of low and high curvature. The purpose of this was to 
test continuity and smoothness of the motions, produced by the control in different interpolation 
scenarios. The reference- pulses are interpolated at a frequency of 3.5 kHz and the position updates 
from the interpolator and servo-controller are received by the executive program at frequencies of 
100 Hz and 20 Hz respectively. 
The experiment shows that the following error in the system is around 12 steps corresponding 
to 12 μm. This value error can be reduced by implementing higher order control law such as a 
proportional-integral (PI) or a feed forward controller. The following error was our first choice for 
criteria used to evaluate the system against as the architecture has not been tested in a real 
machining scenario. In the absence of machining forces the combined positioning error of the 
system is 6 steps (equal to +-6 um). The frequency mismatch between servo and interpolation 
updates resulted in a trajectory data acquisition delay of 200 steps. This is a synchronization error 
due to the speed of the communication interrupt rather than an accuracy error of the servo-
controllers. 
 
 
Figure 60. Test trajectory of the controller. 
(a) Interpolated and feedback trajectories. (b) A zoom view of a high curvature region in the interpolated path 
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5.9 Conclusions 
The price, performance and availability of open source electronics has grown considerably 
over the last years and begs the consideration of their use in manufacturing and numerical control 
automation. This research provided readers with a general purpose, open architecture for the design 
of CNC system based on open electronics and detail information to experiment with these 
platforms. Preliminary results demonstrate that such an architecture has practical implications in 
the development and prototyping of new, NC schemes for special purpose applications and 
research. Moreover. With a strong Do It Yourself (DIY) movement, this chapter is an example of 
how to construct CNC systems with open electronics.  We conclude that this implementation can 
be deploy in high performance tabletop CNC systems. However, we caution against its use on 
larger machinery.  
The new open architecture controller is modular and open. Its component-based approach 
offers the possibility of adding micro-processing units and axis of motion without modification of 
the interpolation or servo-control algorithms. This kind of software and hardware modularity is 
important for the reconfiguration of new manufacturing units. The flexibility of this architecture 
makes it a convenient testbed for the implementation of new control algorithms on different 
electromechanical systems. This chapter demonstrated implementations in the Arduino platform, 
for a basic level of performance and high flexibly, and in the Texas Launchpad ecosystem, for 
high performance control. We envision that an architecture like this has the potential of 
transforming CNC in open source electronics from device-oriented to systems where users can 
design their controls for special purpose machines.  
A Simulink model was introduced as a tool for the rapid design of the control-loop parameters, 
analysis, and real-trajectory simulation of the machine tool. Control architectures with integrated 
modeling environments, such as this one, have the potential for machine-oriented CAM software 
where designers assess the performance of different machine tools in producing a specific part 
before manufacturing.  
For the first time, this work incorporates a virtual representation of the machine to the concept 
of open architecture control, with examples of implementation in Autodesk Fusion 360 and 
openGL. A “tight binding” between the virtual machine and the supervisory controller has been 
demonstrated by virtually machining a 2D trajectory on a virtual machine with a replica of the 
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interpolation algorithm. The virtual-machine component can evolve to become a specialized tool 
for real-time monitoring and simulation manufacturing processes under this architecture.   
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CHAPTER 6: OPPORTUNITIES CREATED BY THE 
EMERGING INTERNET OF THINGS 
 
The previous chapter introduced a new, open architecture controller for CNC machinery based 
on open electronics. This component approach to CNC controllers uses a dedicated computer for 
supervisory control (machine executive) and multiple micro-controller units for the control 
programs of interpolation, logic controller and servo-controller. The first part of this chapter 
combines the latest trends in cyber-physical systems, the internet of things, open source, and open 
electronics, with the classical concepts of modular and open architecture controllers for CNC 
systems. Its goal is to produce a control platform, oriented for numerical control as a service 
(NCaaS) and manufacturing as a service.  
The second part of this chapter demonstrates the use of the NCaaS architecture in cloud 
manufacturing applications. The basic idea is to create a cyberphysical manufacturing network of 
shared resources and web applications. Cloud manufacturing emerges as an infrastructure as a 
service (IaaS) oriented approach for the integration of production and shop floor levels with 
manufacturing providers and customers. This chapter introduces a new cloud-manufacturing 
paradigm for organizing manufacturing networks for numerical control (NC) infrastructure, 
provisioned and managed over the internet. The proposed architecture has a hardware, a 
virtualization, an operating system, and a network layer.  Special attention is payed to 
implementation of the operating system necessary to service and virtualize manufacturing 
resources in the network, based on modern web applications technology. With a micro service 
architecture of manufacturing nodes and assets, this operating system offers a new, and much 
needed, software distribution model in cloud manufacturing. 
6.1 Part 1: An open-modular architecture controller for computer numerical control 
as a service (NCaaS) 
Traditionally, CNC has been the platform for automating manufacturing processes like 
machining and 3D printing. In this technology, the controller is a custom, dedicated computer with 
closed control unit conformed by the control-loop unit (CLU) and the data processing unit (DPU). 
The DPU is in charge of the non-real-time control tasks such as the Human-Machine interface, the 
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G-code (RS-274) interpretation and the machine-executive, which coordinates the execution of the 
CLU. The CLU deals with the numerical control (NC) kernel tasks of interpolation, servo control 
and logic control.   
This chapter presents a new open architecture for CNC systems oriented for numerical control 
as a service (NCaaS) and manufacturing as a service. Figure 61. Presents the high level architecture 
of the proposed controller in contrast with the architecture of a conventional CNC controller. In 
this OAC implementation, the control unit consists of an NCaaS unit, a numerical control server 
(NC Server), and the CLU. The NCaaS controls the high-level, overall plant-process, the NC 
command (RS274 codes) interpretation, and the state monitoring of the machine-tool while the 
NC server is a gateway for native and web applications to the controller. The NCaaS unit was 
initially developed to coordinate the CLU modules of a new, modular architecture controller for 
CNC systems based on open electronics [122] [123], and later generalized to implement a 
communications standard for openness and possible integration with the CLU modules of different 
control platforms (commercial and open). The control unit is hosted in a computer next to the CLU 
modules and made available to native applications by the NCaaS unit, or the remote web 
application over internet by the NC server. These applications can be human machine interfaces, 
 
 
Figure 61. Conventional vs modular CNC control architecture 
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monitoring and control agents [43] or software as a service providers (SaaS) that use machine data 
to provide services such as online monitoring, machining simulation, machine-tool diagnostics and 
machine-data analysis.  
The NCaaS consists of a DPU with a NC code interpreter and a multi-threaded, machine-
executive, with minimal platform requirements, programed in C++. This component implements 
the server side of a transition-control-protocol (TCP) socket connection and an API for inter-
process communications. Similarly, The NC server has the client side of the TCP socket for 
communications with the NCaaS unit. Additionally, it communicates with client applications via 
representational-state-transfer application user interface (REST API) (for pull-base, low frequency 
interactions) and Web Sockets15 (for real-time web interactions). Both NCaaS unit and NC server 
are compatible with Windows and Linux operating systems and have defined (APIs) for user 
extendibility. The dual architecture of the control unit creates the opportunity of having native and 
browser-based applications, such as the human-machine interface (HMI) and machine-tool 
monitoring, resulting in a general platform for different machine tools. Furthermore, it renders 
unnecessary the use of an adapter in agent communication technology. Because all data in the 
machine executive and the node server is accessed and stored in JSON format, developers can 
easily make use of JavaScript language, web-development tools and modern object oriented 
languages to create ecosystems of native and web applications that interact with the machine-tool 
controller.  
The NC Server and NCaaS unit are fundamentals components necessary to the numerical 
control as a service model. This architecture results in a customizable and scalable control 
paradigm where machine-tool controls are natively served to multiple users, native, and web 
applications. This is the first web-based modular architecture controller with the potential to be a 
                                                 
 
 
 
15  Web sockets is an advanced technology that makes it possible to open an interactive communication session 
between the user's browser and a server. With this API, you can send messages to a server and receive event-driven 
responses without having to poll the server for a reply. 
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node in manufacturing networks of shared resources and web applications for computer aided 
design and manufacturing. 
6.1.1 Controller Architecture Overview 
This thesis work is part of the bodywork of development of a new, CNC controller that 
combines the latest trends in cyber-physical systems, the internet of things, open source, and open 
electronics, with the classical concepts of modular and open architecture controllers (OAC) for 
CNC systems.  The end-goal of this project is an open control platform that has a control unit with 
a fine distinction between the NCaaS unit, the NC server, and the CLU as well as well-defined 
communication protocols between them. The component of the control unit are further divided 
into standardized modules and distributed in programs, which execute as native PC applications 
in the case of the NCaaS unit and NC server, and different micro processing units (MPU) in the 
case of the CLU. This level of granularity offers increased computational resources, is general to 
the control of a diversity of machine tools and offers flexibility of reconfiguration of new 
manufacturing units for special purpose applications. 
Central to this OAC is the formulation of the control unit, oriented for NCaaS, as a dual server 
with a NC server and NCaaS unit. This provides control functionality to multiple application and 
devices in real time. This architecture represents a paradigm shift from the rather closed CNC 
model were machine-tools are islands of automation with limited interaction to the controllers, to 
an open model where they are shared resources in networks of manufacturing applications. Figure 
 
Figure 62. Software (a) and hardware (b) architecture of the controller. 
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62 shows a general diagram of the software and hardware architecture of the controller, 
implemented to the control of a 3-axis CNC machining center. Each module (NC server, NCaaS 
and interpolator and axes) is a unique finite state machine (FSM) program standardized with 
communication protocols that users and developers can interface with, and build applications that 
leverage the controller at all levels of the control task. For instance, users can create NC hardware 
and software implementations interacting with the open architecture at: 1. the servo-control level 
by integrating embedded systems that generate TTL () pulsed-trajectory signals to the axes, 2. The 
CLU level by creating applications that coordinate the execution of the CLU modules via serial-
port standard communication packages, 3. The NCaaS level by creating native programs with local 
access to the full control functionality via TCP socket API commands or 4. The NC level by 
creating local and remote web applications that use NCaaS to interact with the machine-tool and 
the controller via RESTful API and web-socket services.  
Although this work implements recent modifications to the control architecture, our previous work 
contained relevant, detailed information on the electronic hardware, the communication protocols 
between the CLU embedded modules, and the interpolation and servo-control programs. 
6.1.2 Control Unit 
The control unit server in this architecture contains the interfaces to the physical devices at the 
local and network levels, the standard operation procedures (SOPs) definitions, and supervisory 
 
Figure 63. Software and hardware architecture of the controller 
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control functionality. Native and browser-based applications can access the controller either at the 
network level via NC server or the local level via NCaaS unit.  The detailed architecture this OCA 
control unit is shown in fig. 63. In the diagram, The NC server bridges between browser-based 
applications and the NCaaS unit, which is directly connected to the CLU.  
The NC server is a Node.js server, programmed with RESTful and web-socket APIs, for client 
applications, and a client-side local TCP socket for inter-process communications with the NCaaS 
unit. This RESTful API supports user-facing services of authentication and data-management for 
local applications, internal services of configuration and management of the resource, and 
application facing services for configuration, authentication and data exchange with remote, web 
applications.  
The NCaaS unit is a C++ native application with the DPU programs for NC code interpretation, 
machine-executive, and the interfaces to the CLU. It implements a defined API, based on a look-
head left-to-right parser16, to expose the DPU functionality of the controller to internal processes 
via client-side local TCP socket and to local users through shell commands. The back-end of the 
NCaaS unit connects to the CLU modules, driving the physical system, by means a hardware 
adapter. The adapter, in the case of this OCA implementation, handles multiple serial 
communication ports with the individual CLU modules, spawned by a single universal serial bus 
(USB) port. The following sections discuss the technical aspects, frameworks and finite state 
machine models of the NCaaS and NC server programs.  
6.1.3 NCaaS unit 
The NCaaS server is a native application immediately connected to the CLU modules via USB-
enabled serial communication ports. At the center of this component, the DPU controls the overall 
plant process including the interpretation of NC commands, program parsing, the execution of 
SOPs, and the coordination of real-time tasks in the CLU by the machine-executive. C++ was 
                                                 
 
 
 
16 The parser was generated with Lex and Yacc tools for the generation of the lexical analyzer and parsers.  Look-
ahead left-to-right parser are used for memory efficiency and low overhead. 
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chosen as the platform of development for high-speed NC-code interpretation and portability in 
addition to not requiring an embedded GUI at this level of the controller. Graphic user interfaces 
can be easily programmed with web tools as client-side applications connecting to the NC Server, 
leaving a console-based NCaaS server with minimum platform requirements.  
Figure 64 (left) shows the finite state machine of the DPU. The architecture of the program is 
divided into services, machine-state vector, and atomic actions. Services are full object-oriented 
programs rendering the functions of machine-executive and the NC code interpretation. These 
pieces of code can be compiled as standalone programs or linked as objects in the compilation of 
the NCaaS. Atomic actions are linked lists of internal structures, passed between the services. They 
contain the minimum control tasks of the architecture; for example, set feed rate, set length units, 
arc feed, and straight feed. The machine state vector is a structure with information on the position 
of the axis, type of motion, and process parameters among others.  
The lexical analyzer in the block interpreter (also based on a look-head left-to-right parser) 
scans NC Commands arriving to the DPU from the NCaaS API. This results in the identification 
of tokens and words specified by the RS274 standard. The outcome of the lexical analyzer is used 
by the block-interpreter parser, which contains the grammar rules to make sense of the RS724 
code, to generate the desired machine-state vector and the sequence of atomic actions, to arrive to 
said state. This information is passed to the machine-executive object which ensures the orderly 
 
Figure 64. Detailed DPU-server architecture. 
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execution of atomic actions and updates the interpreter with arrived machine-state, guarantying 
the successful interpretation of NC programs with relative motion instructions.  
The machine executive object is the fine-state-machine program in charge of the execution of 
atomic actions and SOPs in the architecture. This program uses a multithreaded architecture to: 1. 
execute the non-real time control services such as updating configuration parameters and 
responding to machine-state and control signal-queries, and 2. to coordinate the execution of the 
real-time tasks of interpolation, servo control, and logic control at the CLU. The threads in this 
program are small sequences of instructions spawned throughout execution of the program and 
executed in parallel. Persistent and long-lasting tasks such as coordinating interpolation jobs, 
maintaining interpolation and servo control communication feeds, and executing logic control 
 
Figure 65. Interaction between the NC server and web applications in the network 
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sequences like homing or the emergency control are carried in independent threads to avoid 
blocking states in the machine executive. 
Figure 64 (right) has a close-up diagram of the machine-executive program architecture. 
Incoming atomic actions are classified as thread-executing or immediately reacted upon by the 
atomic action handler. The former, transitions the program execution to the thread handler which 
uses a finite-sate machine automaton to spawn, join and detach from the new thread upon 
completion .The latter is usually trigger by a change in a register or a configuration parameter and 
returns the new machine state vector to the DPU after dequeening the action. Threads managing 
the interpolation, servo and logic-control communication feeds are persistent through the 
execution of the program and are initialized at the beginning of it from a configuration file. This 
threads maintain serial-communication objects and first-in-first out (FIFO) communication buffers 
to address income and outcome messages and data streams from the different CLU components. 
There is a simple parser at the main loop of theses threads to react to stream events, confirmation 
messages, state-transition signals and state feeds. The communication packages between the 
machine-executive and the CLU components are standardized in a way that the use of these 
programs is not limited to the control architecture in this paper but rather, they could be integrated 
in future applications with the numerical control kernel of commercial controllers. 
6.1.4 NC server 
The NC server is a node.js program connecting local and remote browser-applications to the 
functionality of the controller (to the NCaaS unit). At the core of this program is a back-end 
application that combines the Express17 API framework and Mongo db18. Figure 65 has the 
detailed schematics of the NC Server and its interfaces with possible local and remote web 
applications. The RESTful API has routes classified as user-facing services, internal-facing service 
and application-facing services and implements the HTTP protocol with GET, POST and DELETE 
                                                 
 
 
 
17 Express © 2017 StrongLoop, IBM, and other expressjs.com contributors. 
18 MongoDB © 2017 MongoDB, Inc 
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commands. User-facing services have API calls for authentication of local users (those accessing 
the NC server through local client applications) as well as data exchange with local applications. 
Authentication services requests user credentials and validates them against previously encrypted 
credentials, by the bcrypt19 password function, at the local database. This services returns a JSON 
web-token (based on the RFC 7519 industrial standard) upon successful match that client 
applications can continue to use for secure validation of future requests. Internal-facing services 
are API calls that allow users to modify information in the NC server database regarding user 
profile and NCaaS configuration parameters. Example of these services are user registration, and 
                                                 
 
 
 
19 bcrypt is a password hashing function designed by Niels Provos and David Mazières, based on the Blowfish 
cipher, and presented at USENIX in 1999. 
 
Figure 66 NC server main components. 
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setting of NCaaS communication, axis, interpolation, and servo-control configuration parameters.  
Finally, application-facing services are API calls to expose restricted control functionality and 
data-exchange for monitoring of process and machine-state signals. The data-exchange services, 
within the application-facing services, expose control functionality to local-client application for 
motion command execution, NC program execution (RS-274 codes), access to SOPs, and 
monitoring of processes and machine state signals by leveraging the TCP socket connection for 
inter-process communications. This socket is programmed by the net module, which provide an 
API for creating a stream based TCP client-side socket in node.js. 
Figure 66 shows a conceptual diagram depicting the internal relationships between the main 
components of the NC Server. The exchange of data with local and external applications uses 
RESTful API requests with specified JavaScript Object Notation (JSON) body objects. An API 
request results in: querying or modifying the database or transmitting an NC command to NCaaS 
unit, via inter-process communication socket. The data base consist of: 1. The user object-
collection with the profile and users-credential information in the controller, 2. the resource object 
with the machine-tool description, the configuration for the inter-process socket and the state of 
the controller, and 3. the applications collection with the credential for remote-application 
authentication and the remote-application configuration parameters.  
Alternatively, the NC server supports a web-socket interface for local and remote applications 
requiring high–speed data feed for monitoring control, process and machine state signals and low 
communitarians overhead. For this purpose, the socket for inter-process communications is 
programmed to poll the server for controller-state updates. These requests are independent from 
the API generated commands and their responses create the web-socket output stream for client 
applications. They also update the controller state inside the resource database. When a client 
connects to the web-socket, it sends its JWT- authentication token to the NC server, via socket.oi 
real-time application framework, which the server verifies against the application credentials. This 
creates a new instant of the socket and opens a new stream that individual client’s clients can 
configure for different types of stream data and data transition rate. . Web sockets make it possible 
to create a direct stream between client applications and the NC server without having to poll the 
server for reply or going through the database and, therefore, avoiding the overhead of HTTP.  The 
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result of a pull request to the NC server through the RESTful APIs or the web-socket connection 
is a JSON object. 
6.1.5 Summary  
This chapter discussed the architecture of a new type of OCA, oriented for numerical control 
(NCaaS) and manufacturing as a service. This controller combines the latest trends in cyber-
physical systems, the internet of things, open source, and open electronics, with the classical 
concepts of modular and open architecture controllers (OAC) for CNC systems. The fundamental 
idea is to replace the DPU in a classical OAC with a NC server and an NCaaS unit. In a general 
setup, web applications connect to the NC server, which communicates with the NCaaS unit via 
TCP-socket for inter-process communications Native applications connect to the controller to 
through the NCaaS unit whereas web and remote web connect to through the NC server. 
Formulating the control unit as a dual server with a NC server and NCaaS unit, provides control 
functionality to multiple application and devices in real time. This architecture represents a 
paradigm shift from the rather closed CNC model were machine-tools are islands of automation 
with limited interaction to the controllers, to an open model where they are shared resources in 
networks of manufacturing applications. 
The application user interface communicating the NC server with remote web-applications was 
discussed in detail. The distinction between routes for authenticated users and remote applications 
facilitates the secure management of control information across different applications. An API call 
to the NC server results in: querying or modifying the database or transmitting an NC command 
to NCaaS unit, via inter-process communication socket alternatively, the NC server supports a 
web-socket interface for local and remote applications requiring high–speed data feed for 
monitoring control, process and machine state signals and low communitarians overhead. Web 
sockets make it possible to create a direct stream between client applications and the NC server 
without having to poll the server for reply or going through the database and, therefore, avoiding 
the overhead of HTTP.   
The result of a pull request to the NC server through the RESTful APIs or the web-socket 
connection is a JSON object. Because of this, developers can easily make use of JavaScript 
language, web-development tools and modern object oriented languages to create ecosystems of 
native and web applications that interact with the machine-tool controller.  
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6.2 Part 2: A new paradigm for organizing networks for computer numerical control 
Currently, CNC machining is a service in which customers specify the designs of desired parts 
and vendors plan and produce the parts to meet the specified design requirements.  Such an 
arrangement couples a CNC machine’s capacity to other elements of the vendor’s production 
infrastructure, including, machining expertise and machine operator time, process-planning 
software, and tooling inventory. This translates into the need for excessive manual, time and effort-
intensive interaction between vendor and customer and high-levels of resource 
idleness/redundancy imposed by the interaction between different resources. The ultimate result is 
not only high fixed costs that make small batch transactions expensive, but also high operating 
costs and a highly constrained model for interaction between the customer and the CNC machining 
service vendor. For example, such an arrangements precludes transactions in which a vendor may 
sell machine time to an expert user (similar to the manner in which computing cycles/time on high-
performance computing systems is sold). 
The ubiquitous access to high-bandwidth internet-based communications and the vast offerings of 
web developing tools present as an opportunity to explore and optimize new modes of accessing 
and using manufacturing resources and shopfloors and new frameworks for CNC vendor/customer 
transactions through platforms for virtualization and web-based interaction. Such environments 
promise to expedite manufacturing transactions [124] between services providers and customers 
and simplify technical aspects of these interactions. The web has completely changed the way we 
access computing resources. For example, the Infrastructure as a Service (IaaS) has made it 
possible to install, provision, deploy, and manage computing resources (such as virtual machines) 
on shared hardware though the  Internet [125], leading to new levels of scalability, utilization and 
affordability in the delivery of computing/information services. In a similar manner, one can 
envision the emergence of cloud-based farms of manufacturing capacity, provisioned with 
appropriate software and hardware resources, and accessed in a shared manner by several different 
users. 
Obsolete hardware and software distribution models in manufacturing are possibly the biggest 
impediments to the emergence of a practical and widely adoptable CM framework for CNC 
machining.  Most CNC hardware, available today, arrives with only local interfaces to 
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configuration data and numerical control programs. Interfaces on the machine to the cloud to 
assemble and use cloud-based CNC-related software services do not exist. Furthermore, few 
cloud-based, CNC-related software services are currently available. As a result, most CNC 
machines and cells exist as isolated manufacturing resources. For example, CNC machining 
service providers/vendors will typically  purchase CAM software with annual or perpetual licenses 
for local or restricted use.  This not only involves high up-front costs, but also is inefficient as 
these tools, though essential, are only used for a fraction of that time.  A subscription or pay-per-
use, cloud-based CAM software service could possibly be more affordable while permitting CNC 
machining service vendors to configure their services more flexibly for different classes of 
customers, while focusing on providing machine capacity with high availability. Additionally, 
current, commercial-of-the-shelf, software CAD-CAM-CAE tools are architected to be general (to 
cover a large domain) rather than specific to a machine or a process, and monolithic rather than 
modular and interoperable, rendering them inadequate for use in a distributed, configurable service 
model in CNC machining. Lightweight, modular, configurable (to a specific machine or service) 
CNC-related software tools (CNC code generation, process planning, program verification, 
machining process simulation, machine monitoring, etc.) that can be assembled around a web-
connected CNC machine are critically needed. However, for such a commercial, cloud-based 
software service offering to emerge, a CM framework that demonstrates and enable their use must 
be conceptualized, specified and prototyped.   
This chapter presents a new paradigm for organizing networks of CNC resources. Much like 
computing IaaS, this network is an instance of CNC infrastructure, provisioned, deployed and 
managed over the internet.  It helps CNC services providers and customers minimize the expense 
and complexity of settling manufacturing transactions by assembling software tools or ‘assets’, 
configured to the CNC resource. Each vendor or provider’s CNC machine or shop floor is offered 
up as a separate node in the network such that customers can procure its services. These services 
are configurable so that expert users who know how to specify and program CNC operations may 
only procure time on the machine, while others may procure full CNC machining services from 
the vendor.  This CM network developed here is highly quickly scalable, up or down as providers 
and customers join and leave the network. Providers/vendors provision their CNC machine with 
software apps or ‘assets’, customized to the operations and use they will permit on it, to support 
an envisioned workflow to be followed in its access and use. Thus, a provider prepares a virtual 
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production environment, specifically tailored to the use of his/her CNC resources. Customers in 
the network purchase time/services on these CNC resources and use the attached assets to plan, 
simulate and deploy manufacturing jobs on them.  
Central to managing access to, and the workflow on, a CNC resource in this network is a software 
system that we call Operating System for Cyberphysical Manufacturing (OSCM). Serving as an 
agent for a CNC resource, this software implementation runs in the virtual machine of a web-
browser and interacts with both the CNC resource and cloud-based CNC software application 
servers to create the operating environment for a resource in a network of CNC resources. The 
network that results for interacting OSCM nodes and cloud-based CNC software applications/asset 
servers is what we call a Cyberphysical Manufacturing Network (CyMaN) for CM.  CyMaN, 
similar to a computer network, to provide seamless integration, access and visibility into 
distributed CNC manufacturing resources. With no open network of manufacturing resources 
currently in existence that permits individuals to join as customers, providers or software app 
developers, CyMaN and OSCM serve as critical infrastructure elements, necessary for CM. 
 
 
 
 
Figure 67. Schematic depiction of cloud manufacturing with CyMaN 
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6.2.1 Network architecture and use 
As depicted in Figure 67, CyMaN is assembled around a cloud-based platform to address the 
needs of four classes of users, namely: 
• CNC services customers whose main concern is to have access to a large variety and capacity 
of CNC resources, and have the necessary technical and business tools to efficiently initiate, 
specify, monitor and verify jobs sourced into the network;  
• CNC resource and service providers whose main concern is to safely, efficiently, and gainfully 
expose their CNC resources in the network;  
• CNC software asset providers who would like to have their CNC-related software apps to be 
integrated into workflows on several CNC resources in the network; and  
• CyMaN network operator whose concern is to provide a smoothly operating, robust platform 
that adds value to the other classes of users through network-level services. 
We anticipate CNC users or customers in this network requing the ability to locate appropriate 
resources before the planning jobs. Thus, thus detailed configuration, performance/capability and 
availability information on CNC machines/resources in the network must be available to potential 
 
 
Figure 68. Architecture of the network for cyber physical manufacturing (CyMaN). 
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users. Once a resource is tentatively selected, a transaction can be initiated. At this point, for users 
only accessing capacity, software tools are necessary to plan and simulate the job as it would be 
processed on the selected machine.  Further, when a provider and customer have agreed upon a 
job, many customers might require monitoring and storage of sensor output during processing for 
analysis, diagnostics and continuous improvement. To adequately support customers in this 
network would therefore require providing customers with the follow capabilities: 
1. Search for appropriate resources and establish their availability to support a  
2. Introduce parts and stock design to CNC machine,  
3. Specify and assembly a CNC machining setup in a virtual environment, 
4. Generated CNC programs,   
5. Specify verification and monitoring procedures, 
6. Cost and schedule the service, and 
7. Plan and execute I/O material logistics 
More advance functionality would include: 
1. Routing parts/batches though several, and possible distributed, resources, 
2. Managing logistics and warehousing, 
 
Figure 69 Functional characteristics of the operating system for cyberphysical manufacturing  
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3. Embedding a supply system and scale production in the network that allow to support the 
emergence of fabless producers or products 
 Manufacturing service providers who make their resources/machines available to users in the 
network would, above all, demand their safe operation. To accommodate this, CyMaN inserts a 
layer of virtualization between software tools, users and hardware. While an OSCM node serves 
data out from a machine tool, it provides several opportunities for inserting manual/computer-
assisted verification, before permitting (only local) operators to load instructions/programs on to a 
machine.  Services targeted at providers include: 
1. Configuration of  virtual copies of their resources,  
2. Defining SOPs (Standard Operating Procedures) for a machine, cutting and auxiliary tools 
inventories, 
3. Attaching and configuring ‘assets’ (or apps such as process/machine simulators, monitors, 
etc.) to a resource for use by potential customers, 
4. Scheduling and costing tools to allow for quick initiation of jobs/transactions. 
Figure 68 shows the architecture of CyMaN. It is organized in four main layers: hardware 
layer, virtualization layer, operating systems and network layer. The hardware layer is comprised 
of actual machine tools and their controllers. The virtualization layer maintains models of the 
physical resources (the hardware layer) to support planning, simulation, monitoring and data 
sharing. The operating system for cyber manufacturing (OSCM) organizes services configured for 
the resource. It provides a communications interface to the network layer and a resource driver 
interface to the hardware. Finally, the cyber physical manufacturing network (CyMaN) is a peer-
to-peer20 network with a Network Operations Administration and Monitoring (NOAM) tool. 
NOAM provides network-wide services such as directory, naming, authentication and registration 
management.  
                                                 
 
 
 
20 Denoting or relating to computer networks in which each computer can act as a server for the others, allowing shared access to files and 
peripherals without the need for a central server. 
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In what follows, the detailed architecture of the components making up the layers in the 
network is presented. These discussions contain the design considerations and architectural 
decisions that led to the design of these basic components.   
6.2.2 OCSM  
The operating system for cyberphysical manufacturing (OCSM) in this paper provides the 
interfaces for physical devices, primarily for machine and metrology processes. Figure 69 shows 
the basic functional characteristics of the operating system. This platform is a stack of services that 
addresses the virtualization of resources, development of resource classes and functions, 
specification and maintenance of standard operating procedures (SOPs), network and cloud 
interfaces to the resources, and the interfaces with micro-services in the network.  The operating 
system can manage single or multiple physical resources. The latter includes services for 
configuring information that is common to the collection of resources, route execution and material 
 
 
Figure 70. MEAN stack architecture of OSCM node and its connection to OSCM client 
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handling between resources. OSCM has a micro-service21 architecture consisting of OSCM nodes 
and OSCM clients and OSCM assets.  
6.2.3 OSCM node 
OSCM node is a web application executing on the cloud. A lightweight server (http, https 
protocols) that gathers data from OSCM client (the physical layer) and integrates it with the OSCM 
assets (remote web/cloud applications) and the network operations and monitoring tools (NOAM). 
Users in the operating system can instantiate a node by the registering a resource as owners or be 
invited to an existing one as administrators, operators or guests.  
Guests are costumers in the network with limited access to some of the software or hardware 
tools to the node necessary to complete a manufacturing transaction. Operators can access NC 
programs to load them on to the machine controller for execution. They can change the status of 
the job (waiting, executing or complete) and attached notes pertaining to it execution.  Resource 
administrator have access to all the resource operator tasks. They can manage the configuration of 
the node, select available tooling and SOPs, and register assets.  Additionally, they have privileges 
to pricing, scheduling and Job queue management. Finally, resource the owner have all resource 
administrator privileges. The can manage all personal in the node and network configuration 
parameters for registration and deregistration, and credential man agent 
The OSCM node is based on a representational state transfer (RESTful) architecture, with the 
HTTP protocol, for handling services classified as user-facing, internal-facing, assets-facing and 
NOAM-facing services. It a full web application based on the MEAN22 stack to allow JavaScript 
development of the client and the server applications.  Figure 70 shows the simplified back and 
front-end architectures of the OSCM node and its connection to OSCM client.  The front-end 
                                                 
 
 
 
21 method of developing software applications as a suite of independently deployable, small, modular services (web applications in the context 
of this network) 
 
22 MEAN is a free and open-source JavaScript software stack for building dynamic web sites and web applications. The MEAN 
stack is ®MongoDB, ®Express.js, ®AngularJS, and ®Node.js. 
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(browser) application access the routes for user and internal-facing services (at the back-end) to 
query and modify the resource database.  
User-facing services have API calls for authentication of users into the operating systems as 
well as data exchange with local applications. Authentication services requests user credentials 
and validates them against previously encrypted credentials at the local database. This services 
returns a JavaScript Object Notation (JSON) web-token (based on the RFC 7519 industrial 
standard), upon successful match, that user clients can continue to use for secure validation of 
future requests.  User-facing service also have the API calls for redirecting to asset of that resource. 
Internal-facing services are API calls for authenticated users to manage configuration information 
inside the node database. This information can be user, resource, or transaction related. Examples 
of these services are user registration, communication settings with the OSCM client, and 
accepting or declining transactions.  Asset facing services are API calls to register and authenticate 
 
 
Figure 71 OSCM node front-end screenshot. Dashboard view.  
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assets into the OSCM node. These services also handle the asset-session and configuration 
management and the asset data-exchange services. Data-exchange services expose monitoring of 
processes and machine-state data to the assets by leveraging the server-side of TCP socket 
connection with OSCM client.  
Alternatively, the asset-facing services support a web-socket interface for assets requiring 
high–speed data feed with low communitarians overhead. These requests are independent from the 
API calls and their responses create the web-socket output stream for client applications. When a 
client connects to a new instance of the web-socket, it sends its JWT- authentication token, which 
the server verifies against the application credentials. This opens a new stream that assets can 
configure for different types of streams and transition rates. Web sockets make it possible to create 
a direct stream between assets and OSCM node without having to poll the server for reply or going 
through the database and, therefore, avoiding the overhead of HTTP.  They result of a pull request 
to the NC server through the RESTful APIs or the web-socket connection is a JSON object. 
Figure 71 shows a screenshot of the OSCM node dashboard for an authenticated resource 
owner.  Users with owner and administrator privileges can add other users to the node, edit the 
resource profile information, connect and disconnect the node from the resource and be redirected 
to different assets subscribe to the resource. 
6.2.4 OSCM client 
OCSM client is a native adapter application that connects the controller of the resource with 
OSCM node. Alternatively, OSCM node has been programed to be compatible with MT Connect 
adapter technology. OSCM client is developed to connect with various types of motion controllers 
and data acquisition systems, including National Instruments23, Delta Tau24 and Aerotech motion25 
                                                 
 
 
 
23 ® 2017 National Instruments 
24 Delta Tau Systems, Inc. ®2017. 
25 ® 1994-2017 Aerotech Inc. All rights Reserved 
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controllers and easyMAC controller [123]. This component is responsible of gathering and pushing 
the necessary data of the physical system into the OSCM node, including status valuables such as 
control-connection status, axis status, warnings and errors, and continuous variables like axes 
positions, cutting forces, and work piece temperatures. This information is stored inside the OSCM 
node database 
OSCM client implements the client sides of two TCP socket connections (see Fig, 3) to connect 
the motion controller to the OSCM node. Users configuring a new OSCM node are prompt for a 
JSON or an extensible markup language (XML) configuration file for the adapter. This file 
contains resource description information including, number of and type of axis, and 
communications information such as frequency of the updates.  
 
 
 
Figure 72. OSCM Assets for resource monitoring (button left) and virtualization (center). 3d model of a Machine 
Tools Warehouse MD001 by Zincland® 
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6.2.5 OSCM asset 
Assets are any software or hardware tools, not immediately connected with the OSCM node, 
which users may require access to define, specify, validate and complete a transaction with the 
OSCM node. These are full web applications or micro-services by which a service provider 
virtualize it resource of shop floor. For example, a process planer, or a process simulator, a 
monitoring application for control data and sensors data, a metrology application, that can be 
configured for a specific machine.  These micro-services are not incorporated into the OSCM node, 
it rather engages with the assets from different asset providers. 
Owners and administrators can pair the OSCM node with an asset after creating account on it. 
The pairing process generates credentials at both applications that are crossed and stored at the 
respective owner accounts. These credentials are used for data exchange between the applications. 
After that, owners can customized the asset-service to their particular nodes and with different 
privileges for administrators, operators and guests.  
This project included the creation of a template, which can be used by asset providers to allow 
interactions with OSCM. The template is a framework with the built-in interfaces to communicate 
with OSCM. It is a customizable and extendable MEAN stack application that asset providers can 
use to ware potential micro services in the network. Similar to OSCM node, it has back-end routes 
for user, internal and OSCM-node facing services.  
Figure 72 shows two working assets for resource monitoring and virtualization, based on the 
asset-template. These assets are attached to an OSCM node that services a desktop milling machine 
() at university of Illinois. Authorized users can launch both services under the OSCM node 
dashboard, or from the application websites. Monitoring asset implements a web socket connection 
with the OSCM node, to stream, log, and display the machine-state data for axes position and 
control-state variables. Virtualization asset uses the same type of connection to animate (digitally 
twin [126]) a 3D computer graphics digital copy of the physical resource. This application uses 
Bootstrap [127] and the three.js [128] library to provide a windows-like environment for 3D 
graphics in the browser. 
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6.2.6 NOAM 
NOAM is a management tool over a peer-to-peer cyber-physical manufacturing network 
(CyMaN). It communicates with all resources via OSCM node, to acquire information about 
number of machines, pallets, changer, buffers, and storage. This information is accessed for the 
creation of the transactions between users and providers in the network. Transactions are 
agreements between customers and resource providers. They specify the jobs and tasks to be done 
in one or several nodes and can have files, necessary for their completion (e.g., the NC codes), 
attached to them.  
A provider in the network has an account under which the OSCM nodes are registered. Each 
node gets with a job-scheduling micro-service in the network. Customers search, match and 
request time on registered nodes. This results in the creation of transactions that owners must 
accept. Accepted transactions block time in the respective nodes, through the job-scheduling micro 
service. Users at the OSCM node access and carry through the accepted transactions and attached 
files.  
NOAM has a RESTful architecture, similar to OSCM, for handling services classified as user-
facing, internal-facing, OSCM-facing services. This component stores monitoring information 
from the OSCM nodes and provides added-value services over resources and job such as,  i) 
response to queries of location, availability, waiting time and quality of job, ii) provision of 
historical analysis about resources and jobs, iii) management from users and their access to 
resources and jobs, and iv) Assignment or revocations of access privileges. 
6.2.7 Conclusions 
The operating system for cyberphysical manufacturing in this work find applications in 
business scenarios including rapid specification and deployment of manufacturing jobs. Customers 
can quickly explore through a network of resources, by different providers, to arrange single or 
multiple-job manufacturing transactions and bringing virtual production lines to the market faster. 
This network becomes a market place for manufacturing providers, machine-tool makers, and 
expert manufacturers. Manufacturing providers set the infrastructure environments to manage and 
lend their machine capacity as service. Machine tool makers create the simulation tools (web apps) 
for providers to set those infrastructure environments. Finally, expert manufacturers find a place 
in the network for providing consulting to both users and providers.  Others common scenarios 
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include manufacturing software developers. They develop network applications (web apps) for 
manufacturing requiring high-performance computing (HPC) on supercomputers computer grids, 
or computer clusters in the cloud. Examples include precision cutting simulation, calibration, and 
big data analytic tools. 
Numerical control on the web allows for rapid innovation. Since the moment customers 
decided to embark in the manufacturing of a new product, the necessary manufacturing 
infrastructure can be ready in matter or hours. This infrastructure eliminates capital expense by 
sidestepping the fix expenses of setting up engineering consulting services associated with a 
manufacturing job. It is a model particularly appealing for entrepreneurs, hobbyist, and, in general, 
to small business.  The digital aspects of it allow customers to store all the transaction files 
(configuration and technical) for easy improved job continuity. This reduces the amount of 
iterations and convergence of a manufacturing job. This network model for collaborative 
manufacturing relies on a high fidelity virtualization layer of the machine shop. Different aspects 
of the machine shop are casted into micro-services allowing a high level of customization of the 
virtual environments. As a result, customers get access to machine capabilities and standard 
operations as specified by providers. This makes for an intuitive manufacturing service where 
costumers experiment with the manufacturing resources capability and limitations, upfront, 
without engaging in lengthy technical discussions.  
The architectures of the operating system and the network operator offer and opportunity for 
democratization of manufacturing. Hobbyist and makers can quickly subscribe to the network, 
create manufacturing nodes, and virtualized their production environments to revenue from the 
manufacturing market, without been required to set up a market infrastructure. Additionally, 
software developers have the opportunity to participate in the network by wrapping the next 
generation of web application for computing aided manufacturing into the network model of a 
micro service.  
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CHAPTER 7: FUTURE WORK AND RECOMMENDATIONS 
 
The future of modern manufacturing-machines will be influenced by advances in the areas of 
nanotechnology and microfabrication processes, new manufacturing processes, the revolution of 
open electronics, and the emerging internet of things. These technologies affect the way 
manufacturing machines are designed, manufactured and controlled. For instance, miniaturization 
will lead to way to new types of manufacturing processes. In the future, processes like grinding or 
surface texturing will be addressed at every cutting location. This requires the level of 
miniaturization, degree-of-freedom and parallelization that technologies like MEMS can provide. 
Additive and rapid prototyping are already been used in machine component design, medical 
industry, 3D printing electronics and materials with enhanced functionality, albeit as an alternative 
to conventional manufacturing. These technologies can be used more efficiently to produce 
affordable machine components by the combination of simple 2D manufacturing and additive 
manufacturing, or high–quality components by the combination of sophisticated manufacturing 
processes like CNC machining and additive manufacturing. Open electronics have affordable 
micro-processing power with the potential for control and monitoring of high performance CNC 
machinery. They will become the backbone of open control architectures for manufacturing 
systems that are modular and easy to reconfigure. Combined with the latest trends in cyber-
physical systems and the internet of things, open architecture controllers can be transformed into 
cyber physical systems, oriented for numerical control as a service (NCaaS) and manufacturing as 
a service. These platforms will serve as the nucleus for manufacturing networks of shared 
resources and web applications. 
With these aspects in mind, this dissertation presented design-for-fabrication methodologies 
and control strategies to facilitate the creation of next generation machine tools with a discussion 
and examples on the opportunities created in the contexts of micro-scale manufacturing, new 
manufacturing technologies, the pervasive availability of microprocessor technologies and the 
emerging internet of things. The specific contributions are: 
• Chapter 3 discussed the design of complex 3D MEMS machines realized from 
conventional 2.5D microfabrication processes. An example XYZ-MEMS parallel 
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kinematics stage demonstrated the analysis, along with designs of the individual 
components of the manipulator, integrated into a design approach for PK-XYZ-MEMS 
stages.  Additionally, this work demonstrated how the stiffness relations, constraints 
posed by the flexible elements and the actuators can be used determine key parameters 
and dimensions of a stage to meet different force amplification and spatial displacement 
requirements. We envision that this design-for-fabrication methodology will enable 
higher functionality in MEMS micromachines and result in new devices that interact, 
in full three dimensions, with their surroundings. 
• Chapter 4 presents novel and innovative research exemplifying the opportunities 
created by new and economical manufacturing technologies in the design and 
fabrication of modern machine tools. For this purpose, a new flexural joint was, 
demonstrated with the combination of traditional and additive manufacturing 
processes. The study of this joint produced design rules that alleviate the effects of low 
accuracy and poor surface finishing, anisotropy, reductions in material properties of 
components, and small holding forces. Based on these results, design-for-fabrication 
strategies with multilayered composites and hybrid flexures were demonstrated in the 
construction of mesoscale devices and machine components with case examples in the 
areas of precision engineering, medical training and machine tools for reduced life 
applications.  The cases of study here where shown to perform successfully. They 
represent a repertory of creative solutions applicable to the design of devices with 
hybrid flexures and can find applications in the fields of medical industry, micro 
robotics, soft robotics, flexible electronics and metrology systems.  
• Chapter 5 discusses the need for open architectures of control for CNC systems and the 
availability of micro processing technologies and open-source electronics. Based on 
this, it presented the development of a new open architecture of control of CNC 
systems. The controller is modular and open. Its component-based approach offers the 
possibility of adding micro-processing units and axis of motion without modification 
of the interpolation or servo-control algorithms. This kind of software and hardware 
modularity is important for the reconfiguration of new manufacturing units. The 
flexibility of this architecture makes it a convenient testbed for the implementation of 
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new control algorithms on different electromechanical systems. This research provided 
readers with a general purpose, open architecture for the design of CNC system based 
on open electronics and detail information to experiment with these platforms. 
• Finally, chapter 6 combines the latest trends in cyber-physical systems, the internet of 
things, and open source, with the classical concepts of modular and open architecture 
controllers for CNC systems. This resulted in a control platform, oriented for numerical 
control as a service (NCaaS) and manufacturing as a service (MaaS), tailored to the 
creation of cyber-manufacturing networks of shared resources and web applications. 
The fundamental idea was to replace the DPU in a classical open architecture controller 
with a numerical control server. The server acts as a gateway for local and remote 
application that exports the control functionality as a service. This architecture 
represents a paradigm shift from the rather closed CNC model were machine-tools are 
islands of automation with limited interaction to the controllers, to an open model 
where they are shared resources in networks of manufacturing applications. Based on 
this research, this investigation introduced a new cloud-manufacturing paradigm for 
organizing manufacturing networks for numerical control (NC) infrastructure, 
provisioned and managed over the internet. The proposed architecture has a hardware, 
a virtualization, an operating system, and a network layer. Special attention was payed 
to implementation of the operating system necessary to service and virtualize 
manufacturing resources in the network, based on modern web applications 
technology. With a micro service architecture of manufacturing nodes and assets, this 
operating system offers a new, and much needed, software distribution model in cloud 
manufacturing. 
In what follows, future work to the specific areas in this dissertation are presented. This 
comments signal the most promising work derived from this research. 
7.1 Opportunities created at the microscale. 
Future work in parallel kinematics MEMS stages includes the design and fabrication of comb-
drive actuators capable of producing out-of-plain motion. This will facilitate the motion in three 
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dimension and reduce the footprint of the devices. Alternatively, the use of transfer printing 
technologies has the potential reducing the manufacturing complexities and increase the yield and 
scalability of these devices. This technology is adequate for the fabrication and heterogeneous 
integration of MEMS devices with complex 3D features and functional components. Figure 73 
exemplifies this concept with the proposed transfer-printed fabrication of the PK-XYZ-MEMS. 
Finally, there is a need for new fabrication strategies to route electrical signals from the device 
layer to the end-effector. This will enable sensing (for more reliable closed-loop configurations) 
and probing mechanisms to be attached directly at the end effector of the devices. We envision 
applications that future devices will find applications in the areas of  mechanical nano-indentation 
testing, direct writing processes, scanning tunneling microscope (STM), and 3D imaging processes 
using micro lenses.  
7.2 Opportunities created by new manufacturing technologies 
Future research should be conducted to integrate the hybrid flexure technology with soft 
materials, strain gauge technologies (for encoding the motion of the flexures) and electronic skin 
technologies for tactile applications (electroactive polymers and flexible electronics). This will 
 
 
Figure 73. Transfer-printed fabrication of the PK-XYZ -MEMS. 
(a) Pattern of the device layer with the comb drives folded-leaf springs and four-bar mechanism onto an SOI 
wafer. (b) Pattern of SU8 pillars to form the out-of-plain bars of the device. (c) Transfer printing of the end-effector 
and out-of-plain hinges layer. (d) Back side excavation and hydrofluoric acid release 
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result into articulated systems with integrated biomimetic architectures with the potential to 
influence the areas of medical robots for magnetic resonance imaging (MRI) and soft-hard robotic 
systems. 
Improvements in actuation technologies (piezo-electric actuation), materials (metallic layers), 
fabrication, and controls, will result in powerful micro and nano-manufacturing laminated 
machines. These flexure-based systems will have the heterogeneous integration of layers for 
sensing and actuation. For example, layers with arrays of miniature cameras for machine vision 
applications or distributed arrays of strain gauges for encoding the positions of the joints. These 
advances will result in affordable laminated micromachines that will rival the performance of their 
monolithic counterparts. 
7.3 Opportunities created by pervasive microprocessing technologies 
Future work will focus on characterizing the performance of the open-architecture controller 
in this dissertation at conventional machining process such as three-axis machine tool milling and 
lathing. In addition, more research into safety and reliability is necessary for commercial and 
industrial applications with rigorous conditions. Ongoing research is being conducted to integrate 
virtual copies of the PLC and the servo-control algorithms into the kernel of the controller, thus 
capturing the convolved physics of the machine and the controller. These efforts will produce an, 
enhanced, open-architecture controller for the simulation, planning and execution of 
manufacturing processes.   
The ubiquitous micro-processing power can be at the core of wireless monitoring/software 
platform for intelligent machine tools. We propose the development of powerful, scalable, versatile 
and highly affordable platforms for implementing sensor networks in support of intelligent 
machine-tools operating in advanced manufacturing. This platform is developed over affordable 
and open-source electronic hardware (e.g., Arduino, Texas instruments Launchpad, Beaglebone, 
Raspberry Pi, XBee from Digi) to enable constant monitoring and capture of operational data.  
7.4 Opportunities created by the emerging internet of things 
The manufacturing network in this dissertation is a realistic implementation of an operating 
system for cloud manufacturing based off java-script web development tools. The operating 
system is capable of acquiring technical, statistical, and logistic data, in real time, from customers, 
 157 
 
manufacturer providers, and manufacturing resources. This opens the possibility for knowledge 
databases feeding artificial intelligence algorithms that perform decision-making task in 
manufacturing such as reducing the technical challenges of capturing a manufacturing resource, 
selecting process parameters for a manufacturing process, and, ultimately, minimizing the amount 
of human interaction to expedite manufacturing transactions. Alternatively, this data can be mined 
to support both, real-time and longitudinal decision making, seamlessly bridging the gap between 
real-time control of processes executed on the machine, computational multi-physics models 
executing in super computers, and artificial-intelligence and machine-learning system used in 
planning processes and operations. The architecture of this platform can be enhanced to support 
predictive control of manufacturing process, in-situ corrections, automated process monitoring and 
process control.  
The area of cloud Numerical control (Cloud NC) is also proposed as promising area of future 
research. Intimately related with the numerical control as a service architecture in this dissertation, 
cloud NC is the missing piece/natural progression in the digital-manufacturing (industry 4.0) 
revolution that allows computer-numerical-control to be distributed as a shared service from 
distant servers, and automated machinery to be the essential hardware-clients, executing the 
motion.  The basic idea is that with a reasonable internet connection speed (0.2Mbps – 0.4Mbps) 
and good communication interfaces across the web (e.g. web-sockets), the NC tasks of  numerical 
codes interpretation, and interpolation of motion,  can be carried by a remote, cloud server, while 
the tasks of programmable logic and servo control are locally executed , by a, light, embedded 
controller. In this scheme, the cloud controller interprets the NC commands and processes them, 
with the help of offline trajectory-generation algorithms, into a stream of compiled motion 
specifying the reference pulses of the axes at every clock-cycle of the machine-embedded 
controller. Outsourcing a significant part of the control task to the cloud results in a technology 
with reduced complexity, lower fixed-investment on the machine and maintenance costs. 
Additionally, offloading the tasks of NC interpretation and trajectory generation to the cloud 
creates the opportunity of implementing computing-intensive control algorithms that specify 
trajectories down to the precision of the machine. This results in detailed data streaming and 
mining on how the CNC systems behaves, that can be accessed ,in parallel, by web services to 
perform computing intensive task such as real-time-process analysis and simulation. 
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Cloud manufacturing and cloud numerical control define new areas of research that tackle the 
problems of elasticity and elasticity of numerical computer farms (NC farms). This involves 
developing network hypervisor programs that create instances of numerical control as a service 
(NCaaS) to meet the real-time demand of the cloud-manufacturing networks, and secure high-
speed socket interfaces between node servers and client adapters to handle growing data-transfer 
requirements. 
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APPENDIX A 
The polynomial equation representing the forward position kinematics of the manipulator, with 
design parameters of r = 2.5 mm, L1 = 1, L2 = 0.7071, is given by: 
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APPENDIX B 
Parametric finite element simulations show the computed angular errors for different positions 
of the table as it moves along edges of the boundary of the workspace. Fig. B1(a) shows the path 
of actuation while Fig. B1(b) shows the recorded values of angular errors. The maximum allowed 
displacements for the comb drives is 25 µm and the maximum titling error observed is 2.6 milli-
rad. Other paths along the edges of the workspace to the point of maximum z-displacement are 
possible but, because of symmetry of the workspace (and the structure) around the z-axis, are 
equivalent to the path taken. Analysis of the causes of these errors indicates that they accrue from 
the bending of the folded leaf springs, which can be reduced by increasing the thickness of device 
layer DL2. 
 
 
 
 
Fig. B. Path of actuation at the moment of computing the angular parasitic (a) errors and evolution of the angular 
errors (b)  
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